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An Indian muntjac cell line, SVM, is deficient in an array of DNA repair 
processes. It exhibits hypersensitivity to UV irradiation and alkylating agents. 
SVM was transformed with the DNA virus SV40, and some evidence in the 
literature suggested that this transformation process may of itself have an effect 
on the repair phenotype of a cell. 
In order to investigate this possibility for SVM, a spontaneous UV' 
partial revertant was isolated and aspects of the SV40 virus were characterized 
in the mutant cell line, SVM(M), and the revertant cell line, SVM(R). 
Investigation of the integration site of SV40 has revealed a change between 
SVM(M) and SVM(R). This change is due to an amplification of the control 
region of SV40 (containing an enhancer and an origin of replication) at the viral-
cellular DNA junction. 
This amplification has no effect either qualitatively or quantitatively 
on the biologically important gene product of SV40, the large T-antigen. This 
study reveals novel T-antigens in the SVM cell lines apparent at lOOkD and 
76kD as compared to the reported wild-type product at 94kD. The nature of the 
lOOkD 'super T-antigen' was established as due to an internal duplication of 
SV40 sequences. 
The cellular sequence flanking the amplification was cloned and 
characterized. Northern blot analysis, utilizing probes generated from this region 
revealed that this cellular DNA encoded a 11kb transcript which was aberrantly 
overexpressed in SVM(M) and SVM(R) compared to CDM, a cell line 
considered normal with respect to its DNA repair capacity. Furthermore, one 
probe from this region revealed a 2.8kb transcript, which was also abundant in 
SVM cell lines compared to CDM. This transcript may also differ quantitatively 
between SVM(M) and SVM(R). 
In order to investigate whether aberrant overexpression of the 11 kb 
transcript was responsible for the DNA repair phenotype of SVM(M), an 
VII' 
experiment to decrease levels of this transcript utilising sense/antisense 
technology was performed. A model for the cause of the spontaneous reversion 
event in SVM(R) is discussed, and the means by which overexpression of a 
transcript can lead to a DNA repair deficient phenotype are considered. 
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The storage and retrieval of information are prone to errors, which 
have to be kept in check. This statement is true for information storage and 
retrieval in computers or from a filing system. However, nowhere is it more 
important than in the storage and retrieval of genetic information that makes life 
possible. The physicist Max Delbrück noted that the molecule of heredity must 
have a finite chemical stability. This stability is often overcome by hazards to be 
found within the cell and increasingly in the environment around us. For 
example, the irradiation spectrum of sunlight overlaps with the absorption 
spectrum of proteins and nucleic acids, and direct exposure can produce lethal 
and carcinogenic photoproducts in DNA. 
This chapter deals with some of the general strategies of DNA 
repair so far elucidated in biological systems. These strategies were revealed 
using a variety of mutants deficient in aspects of DNA repair, and their use with 
molecular techniques has enabled an insight into DNA repair systems. These will 
be discussed, along with some of the technology involved. Finally the mutant 
utilized in these studies will be described, and the work to be presented put into 
context. 
1.1 DNA DAMAGE. 
Damage to DNA can be mediated by a wide variety of agents that 
modify the DNA molecule in a number of ways. It is inappropriate to review 
these here and seminal review articles to be found on specific types of damage 
includc Singer and Kumierek (1982) on chentical damage, Haseitine (1983) and 
Patrick and Rahn (1976) on the photochemistry of DNA. 
The principal agent used to inflict DNA damage in order to study 
its effect has been UV irradiation. Since this was the agent used in this work, the 
damage it causes is discussed. Jagger (1967) demonstrated that the spectrum of 
cell killing follows the absorption spectrum of DNA. Since the absorption 
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maximum of DNA is at approximately 259nm, damage to DNA can easily be 
inflicted using a lamp that generates far UV light (wavelengths less than 280nm). 
Exposure to longer wavelengths also leads to cell killing, but this is due to the 
generation of activated oxygen species which in turn cause damage to other 
macromolecules in the cell, i.e. DNA and membranes (reviewed by Tyrrell and 
Kes, 1990). 
Near UV irradiation and absorption of its energy by DNA results 
in adjacent pyrimidine dimers becoming covalently linked. The major lesion is 
the cyclobutyl pyrimidine dimer which is formed by covalent interaction of two 
adjacent pyrimidines', on the same polynucleötide chain. Saturation of their 
respective 5,6 double bonds results in the formation of a 4-membered ring. The 
two pyrimidines are thus covalently linked. This lesion is illustrated in Fig. 1.1b. 
The frequency of thymine-thynilne dimerization is greater than that of cytosine.. 
thymine, and both occur more frequently than the cytosine-cytosine dimer 
(Setlow and Carrier, 1966). Note that although this dimerization does not affect 
the hydrogen bonding capacity of thymine, the thymine dimer bends DNA by 29 ° 
and unwinds the helix by 20 ° (Hussain et a!, 1988). Hence it causes a kink in the 
DNA that displaces complementary bases in the duplex of DNA. 
A second type of adduct caused by UV irradiation of DNA is the 
pyrimidine [6-4] pyrimidine photoprôduct, abbreviated to [6-4] photoproduct 
(reviewed by Mitchell and Nairn, 1989). This lesion, illustrated in Fig. 1.lc, 
results from the carbon  position of a 5' pyrimidine being covalently linked to the 
C4  position of an adjacent 3' pyrimidine. This lesion occurs at thymine..cytosjne 
(as illustrated), cytosine-cytosine infrequently at thymine..thymine and not at 
cytosine-thymine (Franklin et al,1982). This type of lesion is an example of a 
non-instructive template lesion in which the hydrogen bonding capacity of the 3' 
pyrimidine is destroyed and removed from its normal orientation. 
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Fig. 1.1 Illustrates structures of UV induced photoproducts 
A - two adjacent undamaged thymine bases 
B - a pyrimjdjne dimer, illustrating covalent linkage between the two 
adjacent thymines. 
C - a presumed thyminecytosjne [6-4] photoproduct 
The dashed lines indicate the atoms Participating in hydrogen bonding with the 
complementary strand. Note that the pyrimidine dimer is still instructive with 
regards to base pairing whereas the [6-4] photoproduct is not. 
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A number of other lesions are also formed, but to a much lesser 
extent. These are mainly eSLor\s of pyrimidines i.e. 5,6-dihydro-
oxydihydrothymine, 5-hydroxymethyluracil and 5,6-dihydrothymine (Harihaianand 
Cerutti, 1977). 
Since it is caused by a physical agent, UV damage is distributed in 
a homogeneous manner over the genome (Williams and Friedberg, 1979). This 
is in contrast to lesions produced by some chemicals the adducts of which are 
preferentially localised in the transcriptionally active euchromatin fraction (see 
Bohr and Hanawalt, 1988). 
The biological significance of these lesions is illustrated in the 
following pages. Both types of major lesions, the thymine-thymine dimer and the 
[6-4] photoproduct, can cause significant damage to a cell and have to be 
removed. This is illustrated by two mutants deficient in some aspect of DNA 
repair. Cleaver et at (1987) reported the isolation of a revertant of a Xeroderma 
Pigmentosum cell line. The parental cell line was defective in removal of both 
cyclobutyl pyrimidine dimer sites and [6-4] photoproducts, and hence was 
extremely sensitive to UV irradiation. After chemical mutagenesis a revertant 
was isolated which displayed normal sensitivity to UV irradiation. However the 
characterization of the revertant revealed normal repair of [6-4] photoproducts 
but not pyrimidine dimers. Broughton et at (1990) reported on the characteristics 
of cells from patients with trichothiodystrophy. One class of cells exhibits normal 
survival following UV irradiation paralleled by normal rates of removal of 
pyrimidine dimers sites. However, the cell line displays a marked reduction in the 
repair of [6-4] photoproducts. This tends to suggest that repair of cyclobutyl 
dimers is crucial for cell survival. 
It is apparent that UV irradiation of cells can cause bulky adducts 
in their DNA. These lesions cause distortions in the structure of DNA and may 
also result in the loss of information - coding capacity of DNA by affecting the 
hydrogen bonding capacity of individual bases. Removal of these damaged bases 
me 
is necessary for cell viability. 
1.2 THE REMOVAL OF DNA DAMAGE - 'DNA REPAIR'. 
The general strategies for repair of damage to DNA are 
summarised in Fig. 1.2. These strategies have been extensively reviewed by 
Hanawalt et a! (1979), Lindahl (1982), Walker et a! (1985), Friedberg (1985, 
1987), Rubin (1988), and Myles and Sancar (1989). The repair strategies can be 
classed into five categories; direct reversal of DNA damage, base excision 
repair, nucleotide excision repair, recombination/postreplication repair and 
mismatch repair, some of which are discussed below. 
1.2.1 DIRECT REVERSAL OF DNA DAMAGE. 
Reversal of damage is simply when the lesion is reversed by an 
enzymatic process. The easiest to consider is ligation of a strand break by DNA 
ligase. The saturation of adjacent pyrimidine bonds that results in cyclobutyl 
dimers can be directly reversed by photolysis. In E. coli this protein is the 
product of the phr gene, and the enzyme specifically binds to the pyrimidine 
dimer in a light-independent manner, and in the presence of visible light (340 - 
500nm) monomerizes the cyclobutyl dimer. Analogous enzymes have been 
identified from a wide variety of species and the genes cloned, with subsequent 
purification of the protein to near homogeneity from E. coil, S. cerevisiae, and A. 
nidulans (see Sancar and Sancar, 1987). 
The major mutagenic DNA lesions in cells exposed to simple 
alkylating agents such as N-methyl-N-nitrsourea (MNU) are 0 6-methylguanine 
(06-MeG) and O-methylthymine. These lesions are repaired by direct removal 
of the alkyl group (dealkylation) by the product of the E.coli ada gene. This 
alkyltransferase removes the lesion by an autoinactivating transferase mechanism 
in which the cysteine moieties within the protein irreversibly accept the alkyl 
group from the DNA (Lindahi, 1982). The product of the ada gene also mediates 
the 'adaptive' response of E. coli. 
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Fig. 1.2. Schematic overview of excision repair. The specific mechanisms are 
outlined in the text. Note a further means of tolerating damage is illustrated in 
Fig. 1.4. 
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That is, exposure of E. coli to low doses of alkylating agents increases their 
resistance to the toxic and mutagenic affects of a subsequent high dose 
treatment. The methylation of the ada gene product results in a conformational 
change that converts the enzyme into a positive regulator which binds the Ada 
box upstream of the ada , alkA and possibly the alkB and aidB genes (Teo et a!, 
1986; Nakabeppu and Sekiguchi, 1986). It may be down- regulated by proteolytic 
cleavage of the methylated Ada protein by the OmpT protease (Sedgwick, 1989). 
Another alkyltransferase activity inE.coli is encoded by the product 
of the ogt gene. This protein has 06-MeG transferase activity, is constitutively 
expressed and does not seem to be inducible upon treatment with alkylating 
agents (Potter et a!, 1987). Its mode of action in removing the alkyl group is 
thought to be similar to the ada gene product. 
DNA alkyltransferases have been identified in other organisms 
(reviewed by Friedberg, 1985; Lindahi, 1982). Bacillus subtilis appears to have 
enzymes analogous to the gene products of E.coli ada and ogt genes. 06 
methylguanine DNA methyl transferase have been purified from various 
mammalian extracts (Brent et a!, 1988), and cloning of the human cDNA recently 
been reported by Tano et a! (1990), although its regulation remains uncertain. 
1.2.2. BASE EXCISION REPAIR. 
The scheme of base excision repair is that the damaged base is 
removed by an enzyme activity termed a DNA glycosylase and the resulting 
abasic sugar is excised by an apurinic/apyrimidinic (AP) endonuclease. These two 
activities occur either on a single enzyme, or need the concerted action of two 
enzymes (Lindahl, 1982; Sancar and Sancar, 1988). It would be inappropriate to 
catalogue these enzymes here, and the most pertinent is probably the pyrimidine 
dimer (PD) DNA glycosylase-AP endonuclease. There are only two known 
examples of this glycosylase; the T4 endonuclease and the M. luteus 'UV 
endonuclease'. These are both small, monomeric proteins (16 and 18kD 
10 
respectively) with no cofactor requirements. The mode of action is cleavage of 
the glycosylic bond of the 5' pyrimidine of the dimer followed by cleavage of 
intradimer phosphodiester bond. i.e. 
B B B TT B B B 
5PP 4444P3 ; 
B B 	 B B B 
B B BC?.A B B B 
64P14P14 44PJ31  
The endonuclease activity of the enzyme leaves a gap in the duplex DNA, which 
is filled by utilizing the complementary strand as a template. 
The properties of the T4 UV endonuclease have made it a valuable 
enzymatic probe for pyrimidine dimers. For example DNA containing pyrimidine 
dimers can be incubated with the enzyme, which will specifically cleave the DNA 
at each pyrimidine dimer. Size fractionation of the DNA then allows a 
quantitation of enzyme sensitive sites (ESS) to be made. Hence, the efficiency 
of a particular DNA repair system can be tested by quantitation of ESS before, 
during, and after repair. 
1.2.3. NUCLEOTIDE EXCISION REPAIR. 
The principle of nucleotide excision repair is very simple. Damage 
to DNA is recognised by an enzyme that then mediates an incision on either side 
of the damage. This action results in a gapped duplex of DNA. The gap is then 
filled in, using the complementary strand as a template, by an appropriate 
polymerase activity and a subsequent ligation event. Implicit in this mechanism 
11 
is: 
Recognition of damage and incision on either side of the damage. 
Repair synthesis by a DNA polymerase. 
DNA ligation. 
This model has been clearly elucidated in E.coli and is discussed first. The 
application of this model to eukaryotic cells will then be considered. 
NUCLEOTIDE EXCISION REPAIR IN E. COLI 
Nucleotide excision repair differs from the mechanisms discussed 
above in that it can deal with a variety of lesions which distort the DNA 
molecule, such as bulky adducts. Hence, in addition to UV induced cyclobutyl 
dimers and the [6-4] photoproducts, it can cope with damage resulting in the 
addition of polycyclic aromatic hydrocarbons to the DNA, damage inflicted by 
cross-linking agents such as mitomycin C, and of the alkylating agents possessing 
large alkyl groups which transfer them to DNA (Grossman et al, 1988). 
Nucleotide excision repair in E.coli has been recently reviewed by 
Van Houten (1990). Howard-Flanders and Theriot (1962) described the isolation 
of mutants of E.coli that were radiation sensitive, which they later mapped 
(Howard-Flanders et a!, 1966) to three loci, designated uvrA, uvrB and uvrC. 
These genes have been cloned and sequenced, and the corresponding proteins 
purified (Thomas et a!, 1985). The data for these genes and proteins is outlined 
below (see Friedberg, 1987; Rubin, 1988; Myles and Sancar, 1989; Van Houten, 
1990 and references therein.) 
uvrA! 
This gene maps to 92' on the E.coli chromosome and contains a 
2.82kb coding region which is transcribed from one promoter with a typical 
prokaryotic Pribnow box and a -35 sequence, giving rise to a single 
transcriptional start site. The gene is DNA damage inducible, mediated by LexA 
binding between positions -35 and -65. The transcript encodes a protein of 940 
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amino acids with an apparent molecular weight of 104 kD. The uvrA protein has 
been crystallized, exists as a dimer, is an ATPase and has two 'zinc-finger' DNA 
binding motifs. It binds damaged DNA with great specificity (KD = 10M), but 
also shows a non-specific binding affinity (K NS  = 10 5M). 
uvrB: 
The gene maps to 17' on the E.coli chromosome and contains a 2 
kb coding region which is headed by three promoters. Two of these promoters 
(P1 and P2) are located close to each other, near the presumed translation start 
site. P2 overlaps a lexA binding sequence, and indeed uvrB is induced as part of 
the SOS regulon (see later). The most distal promoter (P3) is 300bp upstream 
from P1 and P2, and overlaps a recognition sequence for the DNA binding 
protein DnaA. The majority of transcription is initiated from P1, which may in 
turn be regulated by LexA binding to P2. Translation of the uvrB gene results in 
a 672 amino acid polypeptide with a molecular weight of 76.1 kd. It possesses the 
consensus ATPase sequence but no apparent ATPase activity or DNA binding. 
This protein does make a [UvrA] 2[UvrB] 1 complex in an ATP-dependent 
reaction, causing a 2-3 fold increase in ATPase activity when added to a 
damaged DNA mixture, in an as yet unidentified way. During the purification of 
the UvrB protein, fractions were observed as cleaved products, where 40 amino 
acids were cleaved from the uvrB C-terminal by the OmpT protease. The UvrB* 
protein so generated is an ATPase. Thomas et al (1985) found that this cleavage 
does not occur in vivo; however, Grossman et al (1988) speculate that this 
cleavage may mediate the down regulation of the uviB protein after it is induced, 
and hence the UvrABC excision complex outlined below. 
uvrC: 
The uvrC gene is located at 41.5' on the E.coli chromosome, and 
is expressed at very low levels, with conflicting reports as to the number and 
location of the promoter(s). SOS induction is not observed after treatment of 
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cells with nalidixic acid, a strong inducer of the SOS regulon. The gene consists 
of a 1.7kb coding region, giving rise to a 588 amino acid polypeptide with a 
calculated molecular weight of 66 kd. UvrC exhibits no ATPase activity, and 
binds to DNA and double stranded DNA with low affinity (KD = 10 5M). 
However, it does bind to the (UvrA) 2(UvrB) 1  complex in the presence of DNA. 
Using an in vitro assay for DNA repair utilizing purified UvrA, B 
and C proteins (Sancar and Rupp, 1983; Yeung et a!, 1983) the following model 
has been proposed. UvrA, UvrB and UvrC recognise and incise damage as a 
complex now referred to as an ABC excinuclease. This emphasises the nature of 
the mechanism, and the Uvr has been omitted since this complex repairs damage 
caused by agents other than U.V. The action of the ABC excinuclease is shown 
in Fig. 1.3. In outline the model is as follows: 
UvrA associates with UvrB to form a (UvrA) 2(UvrB) 1 complex, in 
a reaction requiring ATPase. This complex, guided by the high affinity of UvrA 
for damaged DNA, recognises the damage and binds to that segment of DNA, 
causing some topological unwinding. The (UvrA2) dissociates from the complex 
leaving a UvrB-DNA complex which is stable, and a UvrC subunit is then 
recruited, forming an incision complex. This results in cleavage of the eighth 
phosphodiester bond 5' to the damage and the fourth or fifth phosphodiester 
bond 3' to the damaged nucleotide (at least for a pyrimidine dimer). This post-
incision complex does not appear to dissociate without the addition of DNA 
polymerase I (Pol I), which mediates repair synthesis, and the simultaneous 
action of the UvrD protein (helicase II) which helps to dissociate the complex 
from the damage-bearing oligonucleotide. Finally, DNA ligase seals the nick to 
complete the repair process. The ABC excinuclease complex can form again to 
mediate repair at another site, or it may be down regulated by cleavage of UvrB. 
The salient points that this model system demonstrates are that the 
repair process is finely controlled at the level of transcription of the genes, and 
probably at the post-translational level. Grossman et a! (1988) point out that 
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Fig. 1.3. Illustrates E.coli nucleotide excision repair. An [UvrA] 2[UvrB] 1 complex 
recognizes damaged DNA and binds to it. The UvrA proteins leave this DNA 
bound complex, and the UvrC protein is recruited to make incisions on either 
side of the damage. Note that in this incision complex only one subunit of UvrC 
is involved; the diagram illustrates that UvrC must react with DNA on either 
side of the damage with the UvrB protein still bound. This [UvrB][UvrC] incision 
complex is then displaced by the actions of the UvrD helicase and DNA 
polymerase I. Finally DNA ligase completes the repair process. 
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because of the marginal discrimination between damaged and native sites in 
DNA, excess concentration of Uvr proteins can lead to nonspecific incision of 
undamaged DNA, the consequence of which is to make chromosomal DNA 
vulnerable to non-specific degradation; hence the evolution of a macromolecular 
delivery mechanism ensuring high specificity of damage recognition by employing 
three steps with limited specificities will keep this non-specific degradation in 
check. 
NUCLEOTIDE EXCISION REPAIR IN YEAST. 
At this time, E.coli is the only organism for which any detailed 
information exists on the biochemistry of nucleotide excision repair. However, 
some progress has been made in eukaryotic systems, with the same approach as 
in E.coli - isolation of mutants, cloning of genes and establishing in vitro assays 
for repair. 
DNA repair in the yeast Saccharoinyces cerevisiae requires the 
participation of at least 95 genetic loci (reviewed by Rubin, 1988; Friedberg, 
1988; Moustacchi, 1987). These mutants have been classified into epistasis groups 
- two mutants are defined as being members of the same epistasis group if a 
strain bearing mutations of both alleles is no more sensitive to a DNA damaging 
agent than the most sensitive of the single mutant strains i.e. the products of 
these genes are involved in the same repair pathway. This type of analysis using 
UV as the damaging agent has led to the establishment of three groupings, loci 
in one of which, the RAD3 group, are involved in nucleotide excision repair (see 
Friedberg, 1988, and references therein). A number of genes from this epistasis 
group have been cloned, by complementing the mutant yeast with wild-type 
DNA. 
RAM: 
The open reading frame of 3,300 nucleotides is expected to code 
for a 1100 amino acid polypeptide with a molecular weight of approximately 126 
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kD. Promoter fusions to the bacterial lacZ gene indicate that the RAD1 gene is 
weakly expressed, and not induced by DNA damaging agents. The major 
transcriptional start site of the gene has been mapped to approximately 110 
nucleotides upstream of the first ATG codon in the open reading frame, 
although two minor transcript start sites have been located at -50 and + 5.The 
predicted RAD1 hydrophilicity plot indicates hydrophilic domains at the amino-
and carboxy-terminal regions of the putative polypeptide. 
 
This gene contains an open reading frame of approximately 3000bp 
and is predicted to encode a protein of some 117.7 kD. The gene gives rise to 
a transcript of approximately 3.2 kb with levels of around five copies per cell. 
Promoter-lacZ fusions revealed RAD2 to be a DIN (damage-inducible) gene; that 
is, 3-ga1actosidase activity is stimulated by UV, 4-nitroquinoline-1-oxide or 
nalidixic acid (all inducers of the SOS pathway in E.coli) which increase the 
levels 3-5 fold. Moreover this induction was inhibited by cyclohexiamide, 
consistent with the requirement for new protein synthesis. RAD2, like RAD1, is 
a highly hydrophilic protein. 
 
The RAD3 gene has a coding region of 2334 bases, giving rise to 
a polypeptide of some 89.7 kD. The RAD3 polypeptide is predicted to have 
several pronounced regions of hydrophobicity, unlike RAD1 and RAD2. The 
RAD3 protein further differs from RAD1 and RAD2 in that it displays homology 
with other proteins in the protein databases. The amino terminus displays 
homology with ATPases (including E.coii UvrA, UvrB, UvrD, RecA, RecC and 
RecD), while the C-terminal half displays homology to DNA-binding helix-turn-
helix motifs. 
Purification of the RAD3 protein led to its characterisation as a 
single-stranded DNA dependent .ATPase (Sung et a!, 1987a,b). In this respect 
Sung and co-workers have suggested a role for the RAD3 protein analogous to 
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that of the UvrD protein of E.coli. Indeed, yeast mutants harbouring a RAD3 
gene with a site-directed mutation in the ATP binding site (lys48arg) are able to 
incise damaged DNA but are defective in a post-incision step, reminiscent of 
E.coli uvrD mutant cells. 
The RAD3 protein has also been demonstrated to be a vital 
protein. A deletion mutation engineered into one copy of RA-D3 in a diploid cell 
resulted, on sporulation, in two viable and two non-viable spores per tetrad. That 
is, the RAD3 gene is essential for viability of the haploid cell (Naumovski and 
Friedberg, 1983, Higgins et a!, 1983). This observation, and the fact that rad3 
haploid mutants deficient in DNA repair exist, argues that cell viability and DNA 
repair are two functions separable by mutations. 
RAD4: 
The RAD4 gene has a coding region of 2,262 bp that encodes a 
protein with a predicted molecular weight of some 87 KD, with hydrophilic 
amino and carboxy terminal domains. The N-terminal half of the protein 
possesses numerous basic patches and includes a putative helix-turn-helix domain. 
This protein does show some homology, of 24 amino acids, with an amino 
terminal portion of RADIO (see below). Analysis of RAD4 mutant alleles have 
revealed mutations expected to result in a truncated RAD4 polypeptide. In this 
respect, over-expression of RAD4 in E.coli is toxic to the cells, and those cells 
that do propagate the plasmid do so as a result of a mutation of some 370 bp 
in the central one-third of the protein. This may indicate that the C-terminal 
third of the protein is required for both yeast excision repair and E.coli lethality. 
This gene is not essential, and steady-state mRNA levels are not induced by 
DNA damaging agents. 
RADiO: 
The RADIO gene has a coding region of 630 bp that encodes a 
polypeptide of some 24.3 kD. RADiO is predicted to have several hydrophobic 
domains. Comparison of the sequence with other proteins reveals a reasonable 
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match for a helix-turn-helix motif (present also in RAD3). This gene is not 
essential, and steady-state levels of its mRNA are not increased by DNA 
damaging agents. 
RADiO is highly homologous to the excision repair protein ERCC-1 
(see later), especially over the area covering the helix-turn-helix motif. The 
functional conservation was demonstrated by Lambert et at (1988), who 
transformed the RADiO gene into CHO cells (complementation group 1) 
defective at the ERCC-1 locus. They reported partial complementation of 
sensitivity to UV and to the DNA cross-linking agent mitomycin C. This 
complementation was specific, i.e. no recovery was observed when the RADiO 
gene was introduced into cells of other complementation groups. 
OTHER GENES CLONED FROM THE RAD3 EPISTASIS GROUPING. 
CDC8 - This gene has been cloned and identified as the gene for thymidylate 
kinase. Its connection with DNA excision repair is unknown. 
CDC9 - This gene has been cloned and identified as the gene for DNA ligase. 
Steady-state levels of this gene are increased during the cell cycle, and in 
stationary cultures after exposure of cells to DNA damaging agents 
(approximately 9-fold). 
YEAST NUCLEOTIDE EXCISION REPAIR IN CELL-FREE SYSTEMS. 
To date, no satisfactory system for in vitro repair of DNA damage 
from yeast cells has been reported. Bekker et a! (1980) reported that extracts of 
wild-type cells, and those of radi, rad2, rad3, rad4, radiO and rad16, showed 
preferential nicking of irradiated Form 1 DNA, hence changing its mobility 
during electrophoresis. This data is inconsistent with the in vivo characterisation 
of these yeast mutants, which indicate defects in the incision of damaged DNA 
(Reynolds and Friedberg, 1981). Furthermore, attempts to reproduce the report 
of Bekker et a! (1980) have failed, i.e. incubation of UV.-irradiated or chromatin 
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with extracts of wild-type cells did not result in loss of pyrimidine dimers from 
the DNA (cited in Friedberg, 1988). 
NUCLEOTIDE EXCISION REPAIR IN MAMMALIAN CELLS. 
An extensive range of mutants has been characterised as deficient 
in aspects of DNA repair in mammalian cells. These have been recently reviewed 
by Collins and Johnson (1987), Busch et a! (1989) and Hickson and Harris 
(1988). These mutants are derived either from patients with cancer-prone 
syndromes (see later for exceptions) or from in vitro mutagenesis programmes. 
They have been characterised in a number of ways. 
According to their sensitivities to damaging agents, using extent of sensitivity 
and cross-sensitivity. 
Complementation of mutations; that is, two mutant cell lines (independently 
derived or from different unrelated patients) are fused in the presence of Sendai 
virus or polyethylene glycol. Fusions between the two cell lines (heterokaryons) 
will be either deficient or proficient in repair. In the latter case, the mutations 
are classified as occurring at different loci, and in the earlier case the mutations 
can be assumed to be at the same loci, and the cells are placed into the same 
complementation group. 
Clinical symptoms. This classification is restricted to cells derived from patients 
with various disorders due to DNA repair defects. 
The techniques used to characterize the biochemical defect in these 
mutants is briefly discussed. Cell survival is perhaps the easiest and frequently 
used assay. That is, a defined number of cells are exposed to a varying doses of 
a damaging agent and allowed to grow. This results in colony formation only if 
the cell has repaired /tolerated the damage. The repair -abilities of the population 
is correlated with the percentage of cells, that at a given dose, survive this 
treatment. 
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In mammalian cells, excision repair results in DNA synthesis 
outside the restrictive compartment (the S phase) of the cell cycle. Hence, 
incorporation of [3H]-thymidine into DNA can act as an index for DNA repair. 
That is, the cells are incubated with [3H]-thymidine after exposure to DNA 
damaging agents and DNA synthesis in the ' nucleus visualised by 
autoradiography. Lightly labelled nuclei are indicative of cells that have carried 
out unscheduled DNA synthesis (UDS), while heavily labelled nuclei represent 
S phase cells. Enumeration of grains over the nuclei of the former cells allows 
for quantification of the excision repair capacity. 
The number of pyrimidine dimers remaining in the genome can be 
assessed by the number of enzyme sensitive sites (ESS), obtained by incubation 
with phage T4 or Miuteus dimer glycosylase with radiolabelled damaged DNA. 
As already mentioned, these enzymes create incisions at pyrimidine dimers, and 
these breaks can be assessed by alkaline sucrose gradient sedimentation. Breaks 
in DNA result in decreased molecular weight and consequently a decreased 
sedimentation rate. The measurement of single stranded breaks also allows for 
direct measurement of the incision capability of a cell line. However since the 
turnover of single stranded breaks during repair is very rapid, inhibitors of the 
synthesis step (hydroxyurea and arabinose C) are used to "freeze the single 
stranded breaks, which are then easily detected. The various techniques are 
reviewed by Friedberg (1985) and in Friedberg and Hanawalt (1981, 1983). 
These techniques have formed one means to categorise mammalian DNA repair 
mutants, by quantification of their residual repair capacity and by testing their 
cross-sensitivity to different DNA damaging agents. 
Using these categories, Xeroderma pigmentosum (XP) cells have 
been categorised into nine complementation groups (one of which, XP variant, 
XPV, is proficient in excision repair - see later). XP is an autosomal recessive 
inherited skin disease in which homozygotes exhibit a marked tendency to 
develop skin cancers. Furthermore patients with severe neurological lesions, 
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including microcephaly, mental retardation and areflexia have been classified as 
having a distinct form of XP, the de Sanctis Cacchione syndrome. Of the wide 
variety of mammalian cell mutants (mainly rodent) isolated in vitro, those from 
Thompson's laboratory have been systematically characterised and fall into eight 
groups (Thompson, 1989). At least five of these groups are, like XP, unable to 
perform efficiently the first incision step of excision repair (Thompson et a!, 
1987). Thus far, a limited combination of fusions between XP and CHO mutants 
have all shown complementation, indicating that the human and CHO mutants 
are in different genes. All of the above cells (with the exception of XPV) have 
been characterized as defective in the initial incision step of excision repair. 
Assuming that the rodent mutants do not complement the human XP cells this 
would indicate that some 16 proteins are required in mammalian cells for this 
initial incision step.The tables below summarise some details of the analyses, as 
well as the human chromosome found to complement the mutation (where 
known). 
XP group 	central 	 relative 	 human 
nervous repair(%) chrom. 
disorder (UDS) compl. 
A Yes 2-5 9 (1) 
A-subgroup No 20 
B (Cockayne) Yes 3-7 
C No 5-20 
D Yes 25-50 
E No 50 
F No 18 15 (2) 
G Yes <2, 
H (Cockayne) Yes low 
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The table is adapted from Cleaver (1984). Chrom. compi. refers to 
compmenting human chromosomes. References for the chromosome 
assignments are (1) Kaur and Athwal,(1989) and (2) Saxon et al (1989). Two 
individuals defining XP groups B and H also exhibit symptoms commonly 
associated with Cockaynes syndrome; dwarfism, cutaneous features and mental 
retardation. The group H assignment has recently been challenged by Johnson 
et al (1989), and these workers did not observe complementation on fusion of 
cells from group H with those from group D. 
CHO Mutants. 
Complementation Chromosome 	Sensitivity 
group 	 (human) 	UV MM-C 
1 19 + + 
2 19 + - 
3 2 + - 
4 16 + + 
5 13 + - 
6 nd + - 
Adapted from Bootsma et al (1988). This table illustrates the differential 
sensitivities exhibited by these mutant cells to two agents, ultraviolet irradiation 
and the DNA crosslinking agent mitomycin C (+ indicates sensitivity, - indicates 
no sensitivity). 
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The two tables together illustrate some of the points used in 
classification of mutants; clinical symptoms, residual repair capacity and cross 
sensitivity. The chromosome assignment adds to the complementation analysis in 
that XP(A) and XP(F) are on different loci from the genes deficient in CHO 
complementation groups 1-5 at least. 
Attempts to clone the defective genes by complementation have 
met with varying success. Cloning of the genes defective in XP cells has been 
hampered by the limited ability of these cells to take up and maintain exogenous 
DNA (Hoeijmakers et a!, 1987; Mayne et a!, 1988). These observations 
notwithstanding, Tanaka et a! (1989) have reported cloning of the homologous 
mouse gene defective in XP(A) cells, after extensive genomic DNA transfection 
experiments. They report that the gene is less than 30 kb long and, using the 
mouse gene as a probe to human RNA (heterologous probing), have revealed 
transcripts at 1.0 and 1.3 kb mRNA. Furthermore, these transcripts were not 
detected in three XP(A) cell lines. The nature of transcripts in other XP 
complementation groups or in any of the CHO mutants was not reported. 
Other reports of complementation of XP cells are not as advanced 
as above (Arrand et a!, 1989; Teitz et a!, 1987). Arrand et al (1989) have 
complemented an XP(D) cell line with wild-type hamster DNA, but only very 
partial rescue was obtained. Cosmid rescue of the hamster DNA, and its use in 
hybridisation experiments, revealed no change at the level of DNA or RNA 
between normal and XP(D) cells. Teitz et a! (1987) fully complemented an SV40-
transformed XP(C) cell line using a cDNA library, but have not reported rescue 
Of arty of the sequences.The cloning of human genes involved in excision repair 
has been more successful with CHO mutants, where genes rescuing the 
phenotype of complementation groups 1, 2, 3, 5 and partially 6 have been 
reported (Thompson, 1989). 
ERCC-1 was the first of these genes to be cloned (Westerveld et 
al, 1984) and characterised (Van Duin et a!, 1986). ERCC-1 has a size of 15 kb 
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and is located on human chromosome 19. The ERCC-1 pre-mRNA is subject to 
alternative splicing of an internal 72bp coding exon. Only the cDNA of the larger 
1.1 kb transcript, encoding a protein of 297 amino acids with a molecular weight 
of 32.5KD, is functional, that is it can complement the repair defect. It is specific 
for correction of CHO complementation group 1 cells, and will not complement 
other CHO complementation groups (Van Duin et al, 1988) or XP cells in 
complementation groups A-H (van Duin et a!, 1989b). Zdzienicka et a! (1987) 
have demonstrated correction of sensitivities to other DNA damaging agents i.e. 
4NQO, EMU and N-Ac-AAF. Analysis of ERCC-1 RNA at various times after 
UV irradiation showed no evidence for UV inducibility. Comparison of the 
ERCC-1 sequence with others in the database reveal numerous regions of 
sequence homology (Van Duin, 1986). These include: 
- a region exhibiting structural homology with the 'helix-turn-helix' motif 
implicated in DNA binding 
- a possible ADP-monoribosylation site. 
However, its most striking homology is at its N-terminus with the entire RADiO 
gene of yeast. The ERCC-1 gene is longer by a tail of approximately 110 amino 
acids. Interestingly, at the point where the homology with RADiO terminates, a 
stretch of about 40 amino acids very similar (31% identical) to the E.coli UvrA 
protein is present. Finally the terminal 60 amino acids display some 35% identity 
to the UvrC protein of E.coli. The functional significance of the homology with 
the yeast RADiO gene was demonstrated when Lambert et a! (1988), reported 
that the yeast gene partially complements the CHO complementation group 1 
mutants. Note that this evolutionary conservation extends to overlapping 
antisense transcription units in their 3' regions. That is, ERCC-1 probes from the 
3' region reveal a 2.6kb antisense transcript (ASE-1), while the RADiO gene 
harbours a 1.9kb antisense transcript (ASR10) in its 3' region. 
ERCC-2 complements CHO group 2 mutants (Weber et a!, 1988). 
The gene encodes a protein of 760 amino acids and is 50% identical with the 
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yeast RAD3 gene (Hanawalt, 1989). It is located on chromosome 19, and is 
specific to correction of complementation group 2 cells. 
A gene complementing CHO group 3 has been cloned (Weeda et 
a!, 1990a) and characterized (Weeda et a!, 1990b). The gene is about 35-45 kb 
(part of which is refractory to cloning) and is located on chromosome 2. It 
encodes an mRNA of 3kb which has been cloned and shown to specifically 
complement the mutation in group 3 and no other groups. Interestingly, the cell 
line used, 27-1, is sensitive to UV irradiation and cross-sensitive to methylating 
agents. However this latter sensitivity can be genetically uncoupled from its 
defect in nucleotide excision repair (Kaina, 1987). Indeed, ERCC-3 corrects the 
UV sensitivity of 27-1, but not its alkylation sensitivity. ERCC-3 does correct the 
UV sensitivity of UV24, an independent isolate belonging to group 3, and no 
other CHO complementation groups. Sequence analysis and comparison has 
revealed various motifs within the ERCC-3 protein. These include: 
- a KK/RXK/R nuclear localisation signal 
- regions of pronounced negative charge such as are found on histones, 
transcription factors, and the histone 2A/213-specific ubiquitin-conjugation 
enzyme RAD6 (see later) 
- a helix-turn-helix motif 
- a "Walker" nucleotide binding sequence utilised for ATP and GTP binding 
- regions common to two superfamilies of known and putative DNA and RNA 
helicases 
These data suggest that ERCC-3 is a DNA binding helicase. 
ERCC-3 is also remarkable in that it is the gene defective in 
XP(B). Interestingly, XP(B) is represented by a single individual that exhibited 
a complex phenotype ascribed to both XP and Cockaynes's syndrome, another 
rare DNA repair disorder (reviewed by Lehmann, 1987). Weeda et a! (1990b) 
demonstrate restoration of unscheduled DNA synthesis (UDS) in XP(B) cells 
after transfection of the ERCC-3 cDNA, but not of any other XP 
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complementation group. Furthermore, characterisation of the ERCC-3 3 kb 
transcript detected in XP(B) cells revealed only one functional allele, containing 
a C -> A transversion in the splice acceptor sequence of the last intron of 
ERCC-3, which results in a 4 bp insertion into the mRNA that shifts the reading 
frame in the C-terminus of the protein. 
Genes complementing CHO mutants in groups 5 and 6 have also 
been identified and cloning of these is in progress (cited in Thompson, 1989). 
The above ERCC series of genes are human genes complementing hamster DNA 
repair mutants. It should be noted that the repair systems of rodent and human 
cells display both unity and diversity (Downes, 1988). Hence although rodent and 
human cells display similar survival curves after UV irradiation, the extent of 
pyrimidine dimer excision between the two cell types differs dramatically. For 
example, irradiated human diploid fibroblasts remove 76% of pyrimidine dimers 
formed, whereas similarly irradiated hamster cells remove only 25% (Van 
Zeeland et a!, 1981). This paradox is resolved to some degree by gene and 
strand-specific excision repair. Mayne and Lehmann (1982) reported rapid 
recovery of RNA synthesis after UV irradiation of mammalian cells (before any 
detectable genomic DNA repair), and suggested that DNA repair is initially 
directed to transcriptionally active chromatin. These authors have also 
characterised the defect in Cockayne's syndrome (which is hypersensitive to UV, 
but displays normal levels of excision repair and post-replication repair - see 
Lehmann, 1987) as due to a deficiency in recovery of RNA synthesis after 
irradiation with UV. 
An assay to measure DNA repair at a transcriptional locus 
compared to an untranscribed region was developed in Hanawalt's laboratory 
(Bohr et a!, 1985). The assay was a Southern blot analysis of the dihydrofolate 
reductase (DHFR) gene, after cells had been irradiated and allowed various 
times to repair the damage. The DNA was extracted, restricted with a restriction 
endonuclease, and half of the sample was incubated with T4 endonuclease V (a 
pyriniidine dimer specific endonuclease). The DNA was then size fractionated, 
blotted and probed with parts of the DHFR gene. Hence, if all of the DNA was 
repaired, the signals from the DNA samples incubated with T4 endonuclease V 
should be comparable with the signal from the sample that was not. If the 
pyrimidine dimers were not removed, the T4 endonuclease V would degrade the 
DNA, and the signal would be less from the samples incubated with this enzyme 
on probing with the DHFR gene. This type of analysis has revealed a difference 
between rodent and human cells: 
Percentage repair 
After 8h 	After 24h 
CHO cells 
Bulk DNA 15 
Non-coding region 15 
An active gene 	 50 75 
Human cells. 
Bulk DNA 	 35 80 
An active gene 	 75 80 
(Adapted from Bohr and Evans, 1990). 
Hence the difference between CHO and human cells in repair of 
pyrimidine dimers, in transcriptionaily active DNA, appears to be one of 
restricted repair versus rate of repair respectively. A refinement of the technique, 
using single stranded probes, has demonstrated that the repair shows strand 
specificity towards the transcribing strand (Mellon et a!, 1987), suggesting that 
repair is directed towards certain sequences rather than just by chromatin 
accessibility. As predicted by Mayne and Lehmann (1982), Cockayne's syndrome 
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cells appear to be deficient in the preferential repair of active genes (Mayne et 
a!, 1988; Venema et a!, 1990). This may be indicative of a mutable gene 
responsible for directing preferential repair. Furthermore, Mellon and Hanawalt 
(1989) have demonstrated that induction of the E.coli lactose operon selectively 
increases repair of its transcribed DNA strand. The ability to manipulate the 
genetics of this bacterium will make study of this process of preferential repair 
more accessible. 
IN VITRO SYSTEMS FOR MAMMALIAN NUCLEOTIDE EXCISION REPAIR. 
Various systems for in vitro complementation of Xeroderma 
pigmentosum have been described (reviewed by Kaufmann, 1988). One of the 
most promising, which could conceivably lead to reconstitution of excision repair 
in vitro, is that system reported by Wood et a! (1988). These workers incubated 
extracts of normal and XP cells, prepared as those for in vitro transcription 
experiments, with U.V. irradiated plasmids, and observed repair synthesis 
(measured by incorporation of labelled nucleotides). This repair synthesis activity 
requires ATP and was drastically decreased in XP lines tested (XP(A), XP(C), 
XP(D), and XP-variant). They were also able to mix extracts of XP(A) and 
XP(C) to recover some 50% of wild-type repair synthesis. However, there are 
some anomalies that are revealed by this assay. For example, XP(A) extracts 
display more repair activity compared to XP(C), although the in vivo data would 
suggest more residual activity in XP(C) compared to XP(A). Furthermore, XP-
variant cells have been characterised as efficient for nucleotide excision repair, 
but deficient in aspects of DNA synthesis on a damaged template (Lehmann et 
a!, 1975). These observations notwithstanding, this assay is promising for isolation 
of the proteins defective in XP cells. 
Another means of protein identification and isolation is to 
microinject protein extracts into XP cells and assay for transient correction, by 
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unscheduled DNA synthesis (see Bootsma et al, 1988 and references therein). 
Specific alleviation of the defect was achieved in all deficient XP 
complementation groups after injection of normal or heterologous XP extracts 
but not after introduction of homologous extracts. Using this technique some 
purification of the protein defective/deficient in XP(A) has been achieved. 
1.2.4 POST REPLICATION REPAIR: 
Implicit in the mechanism of excision repair is the availability of 
a complementary strand, which acts as a template for repair replication. 
However, some metabolic activities involving DNA separate the complementary 
strands i.e. recombination, transcription and replication. It is during the latter 
process that mutagenic events can be fixed within the genome, hence mechanisms 
of repair or rather tolerance of damage have evolved. 
POST-REPLICATION REPAIR IN E. COLI: 
The phenomenon termed post-replication repair was originally 
described when excision repair deficient E.coli cells, irradiated with a dose of 
6J/m2, were pulsed for 10 minutes with [3H]-thymidine, and this was incorporated 
into DNA that sedimented more slowly (i.e. was smaller) in alkaline sucrose 
gradients than DNA synthesised in unirradiated cells under the same conditions. 
If the pulse is followed by incubation of the cells for 70 minutes in non-
radioactive medium, the slowly sedimenting DNA was converted to a form that 
co-sedimented with DNA from control cells (Rupp and Howard-Flanders, 1968). 
These observations can be accounted for by considering the possibilities that 
occur when a replicosome encounters a lesion, i.e. 
- the replicosome traverses the lesion (translesion synthesis) substituting the 
best fitting base. 
- there is a stall in replication 
- the replicosome 'skips' the lesion and continues synthesis past it. The gap is 
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Fig. 1.4. The possible actions that the E.coli replicosome can take on 
encountering a damaged template. 
Illustrates stalled replication with subsequent translesion synthesis, or 
discontinuous replication, resulting in a gap opposite the damage. This gap is 
'filled-in' either by translesion synthesis, or after a recombination event places the 
gap opposite a functional strand (illustrated in (b)). 
Illustrates a recombinational event mediated by the E.coli RecA 
protein, exchanging isopolar strands between two daughter strands, thus placing 
the gap opposite a functional template. Note that the lesion still remains in the 
DNA, and this is repaired by the excision repair mechanism, illustrated in Fig. 
1.3. 
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later filled by either a recombination event between isopolar strands or 
translesion synthesis. 
These possibilites are illustrated in Fig. 1.4. 
Several predictions that can be made from the above considerations 
were easily tested in E.coli. For example, points 2 and 3 above are consistent 
with the observations of Rupp and Howard-Flanders (1968) of small nascent 
DNA molecules increasing in size after a period of time. Stalling at a pyrimidine 
dimer has been reported after inspection of electron micrographs of unirradiated 
and UV irradiated (FX174 DNA (Benbow et a!, 1974). Gaps in newly synthesised 
DNA fragments can be inferred from the results of Young and Smith (1976) who 
demonstrated that the size of the newly synthesized DNA fragments in UV 
irradiated cells approximates the average interdimer distance in the template 
strand. Evidence for the completion of DNA synthesis after a recombination 
event is provided by the observation that excision repair mutants which are 
additionally mutant in recA (the product of which is absolutely required for 
recombination) fail to convert short nascent DNA strands into high molecular 
weight products (Smith and Meun, 1970). Hence uvrA recA cells are extremely 
sensitive to UV irradiation, being killed by a dose of UV that produces an 
average of about one pyrimidine dimer per E.coli genome equivalent (Howard-
Flanders and Boyce, 1966). More direct evidence for a recombination event 
comes from use of density labels (Rupp et a!, 1971). Cells were density labelled 
in one DNA strand by allowing replication to take place in the presence Of heavy 
isotopes ' 3C and 15N. The cells were then UV irradiated and allowed to replicate 
in the presence of [3HJ thymidine, which creates hybrid density DNA with the 
radiolabel uniquely in the light strand. Recombination exchanges would result in 
label becoming covalently associated with heavy DNA. Rupp et a! (1971) 
demonstrated that these exchanges do occur and there was a recombinant region 
for every 1.7 pyrimidine dimers. 
It should be noted that post-replication gap filling by recombination 
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is not a repair process per Se. Two intact duplexes are generated but the lesion 
still remains. The lesion is now a substrate for the ABC excinuclease discussed 
above. In this sense, it is better to regard this as a tolerance mechanism 
(Friedberg, 1985). Note also that it is not known if the mechanism for tolerance 
is the same when the lesion is on the leading or lagging template strand. The 
resolution of these points requires a recombinational repair system, in vitro, 
which requires that both replication and recombination take place. 
The alternative to a recombination mode for tolerance is 
translesion synthesis, which by its nature is error-prone. Enzymatic probing for 
pyrimidine dimers in DNA after discontinuous synthesis revealed that lesions are 
distributed equally between parental and progeny strands (Ganesan, 1974). The 
available evidence suggests that translesion synthesis of DNA is an induced 
response of the SOS regulon. This comprises a complex group of inducible 
responses in E.coli that are co-ordinately regulated (see Little and Mount, 1982 
and later sections). Hence, via protein-protein interactions (mediated by the 
product of the uinuC and un1uD loci) the 3'-5' exonuclease or "proofreading" 
action of polymerase III is suppressed, allowing synthesis of DNA but increasing 
the possibility of error (Walker, 1988). 
THE RECOMBINATIONAL TOLERANCE PROCESS IN YEAST. 
The recombinational repair process in yeast is classified into two 
epistasis groupings, and those in the RAD52 epistasis group are thought to reflect 
the existence of recombinational response to DNA damage, while those in the 
RI4D6 epistasis group are required for mutagenesis and virtually all UV induced 
postreplication repair (Prakash, 1981; see also review by Moustacchi, 1987). Thus 
far, the yeast system has been based around the isolation and characterisation of 
genes mutant in members of these epistasis groups. For the most part this 
approach has resulted in cloned genes without any specific function being 
assigned to the proteins. An exception is the remarkable function assigned to the 
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RAD6 protein (reviewed by Siede, 1988). Mutants of radO are highly sensitive to 
a variety of DNA damaging agents, including UV, and furthermore exhibit 
hypomutability after exposure to these agents. This is observed regardless of the 
type of DNA damage and type of mutation scored. In contrast, spontaneous 
mutation rates are not lower than in wild-type cells; RAD6 mutants are in fact 
spontaneous mutators (Hastings et al, 1976). The phenotype of various mutant 
alleles varies and is taken as an indication that RAD6 is multifunctional 
(Moustacchi, 1987). For example, diploids of rad6-1 fail to sporulate and do not 
produce meiotic recombination whereas rad6-3 mutants are proficient in both 
processes. This idea is supported by recovery of parts of the defective phenotype 
by a translational suppressor (SUQ5), which can suppress both the UV sensitivity 
and defect in mutation induction, whereas in rad6-3 only the UV sensitivity is 
reduced (see Siede, 1988 and references therein). Prakash (1977) has 
demonstrated that rad6 mutants are proficient in excision of UV induced 
pyrimidine dimers, but are defective in post-replicational repair (Prakash, 1981); 
that is, in the reappearance of high molecular weight DNA after UV treatment. 
These experiments parallelled those in E.coli; radó mutants in an excision repair 
deficient background were U.V. irradiated, pulse-chased with 3H-thymidine and 
the size of nascent DNA assessed by sucrose gradients. The residual repair in 
these experiments was independent of RAD6 and was not inhibited by 
cyclohexi.mide, whereas the post-replicational repair in wild-type cells was 
dependent on protein synthesis (Prakash, 1981). 
Two groups have reported the cloning of the RADO gene by 
compleiHenung a radd-i mutant and rescuing its MMS sensitivity. The gene 
reveals two transcripts of 0.98 and 0.86 kb, which differs at the 3' terminal. The 
open reading frame (ORF) consists of 516 nucleotides, encoding a protein of 19.7 
kb. Examination of the protein sequence reveals pronounced hydrophilic amino-
and carboxy-terminal regions (Reynolds et a!, 1985). The levels of expression of 
the RAD6 mRNA after U.V. treatment were found to be marginally increased, 
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and an approximately 5 fold induction was observed after MMS treatment, but 
the reporters (Kupiec and Simchen, 1986) also observed cell cycle regulation of 
the transcript, so this apparent MMS induction may be due to arrest of cells in 
a stage of the cell cycle in which RAD6 mRNA is more abundant. 
Jentsch et a! (1987) have demonstrated that the RAD6 protein is 
a ubiquitin-conjugating enzyme. Ubiquitin is a 76 residue protein and is found 
conjugated to either the N-terminal a-NH 2 group or an E-NH2 of an internal 
lysine residue, resulting in a branched protein (reviewed by Finley and 
Varshavsky, 1985), and most results are indicative of ubiquitination serving as a 
signal for selective protein degradation. Jentsch et al (1987) isolated and 
characterised the system conjugating ubiquitin to an acceptor protein. One of the 
proteins of this system (E2) was sequenced and found to be identical to the 
RAD6 protein. The E2 protein, with other components, has been shown to 
ubiquitinate histones H2A and H2B in vitro. This catalysis can also be mediated 
by E.coli extracts expressing the RAD6 gene. The authors speculate that 
ubiquitination of histones may play an important role in chromatin remodelling 
during DNA repair, either by selective degradation or by conformational 
alterations of these basic proteins. However it remains to be confirmed that the 
pleiotropic phenotypes seen in radO mutants are a consequence of its 
ubiquitination capacity. RAD6 illustrates some salient points; that PRR and 
repair defects may be manifest in eukaryotes through means that are not directly 
involved in the mechanism of damage tolerance, and hence caution should be 
exercised when inferring and extrapolating from a prokaryotic system (see 
.I lflOC\ 	 - 
C,& t4i IJOJ). 
POST-REPLICATION TOLERANCE MECHANISMS IN MAMMALIAN CELLS. 
Experimental systems analogous to those devised for bacteria have 
revealed a response in mammalian cells suggestive of daughter strand repair. A 
depression in the synthesis of DNA after irradiation was first reported in the 
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1960's by Rasmussen and Painter (1964). For example Lehmann and Stevens 
(1975) demonstated that the rate of DNA synthesis (measured as 3H-thymidine 
incorporation) is reduced after irradiation of chick cells. Furthermore, this 
inhibition is alleviated if the cells are exposed to light allowing photoreactivation 
of the dimers. However this alleviation is not complete, suggesting other UV 
inflicted lesions may also play a role in the inhibition of DNA synthesis. 
Experiments to uncover the reasons for this inhibition in mammalian cells are 
problematic since replication proceeds via intermediary small replicons (reviewed 
by Campbell, 1986), rather than one replicon as in E.coli (reviewed by Kornberg, 
1982). These replicons are initiated at multiple origins separated by some 100Kb. 
Furthermore, most of the these origins are initiated in clusters, during S phase, 
in a sequential manner (with euchromatin replicating before heterochromatin). 
Replication proceeds bidirectionally, with elongation being associated with a 
proteinaceous scaffold and progresses, on average, at 1.5 Kb per minute 
(Campbell, 1986). The question of what happens to the replication machinery 
when it encounters a lesion has been addressed by constructing predictive 
models. Hence inhibition of DNA synthesis may be due to a variety of reasons 
(see Hall and Mount, 1981), i.e. 
- initiation of replication may be perturbed due to damage in origin 
sequences 
- cessation or slowing down of the replication fork may result from 
disruptions in domains of pre-initiated replicons; fork being arrested at a lesion 
- enzymes used in replication are commandeered for repair. 
Current evidence suggests that pyriniidine dimers have an effect on both 
initiation and elongation of daughter strand DNA. 
Evidence for inhibition of initiation. 
Park and Cleaver (1979a) reported on the inhibition of initiation, 
in human cells, after irradiation. These workers measured two parameters: 
IKO 
the relative molecular weight of nascent DNA by pulse labelling cells 
and measuring the size of newly synthesized DNA (by sedimentation in alkaline 
sucrose gradients) relative to unirradiated cells. 
the relative rate of DNA synthesis as measured by incorporation of 3H-
thymidine. 
These workers observed that the size of nascent DNA was initially 
smaller in irradiated cells but had recovered some 10 hours after irradiation to 
control levels, whereas the rate of DNA synthesis was still depressed (by some 
50% after 10 hours). This suggests that inhibition of DNA synthesis was at least 
in some part due to a failure of some replicons to be initiated. Notably in 
Xeroderma Pigmentosum cells, both parameters returned to control levels after 
10 hours (Park.. and Cleaver 1979a). These observations suggested to these 
workers that incision breaks caused by the excision repair machinery acted as a 
signal resulting in the inactivation of replicon clusters. This inhibition of initiation 
has been reported using other mutagens (i.e. MMS) and this analysis revealed 
a decrease in the number of small nascent molecules in treated as opposed to 
untreated cells as measured by alkaline sucrose gradients (Painter, 1977). This 
was interpreted as lack of initiation of new replicons. Similar results were 
obtained by Kaufmann et al (1980) using low doses of UV, again in human cells. 
Interestingly, cells from patients with ataxia telangiectasia do not display this 
inhibition of initiation after exposure to ionizing irradiation (Painter and Young, 
1980) and to ultraviolet irradiation (Painter, 1985). These cells, and their 
defective gene product may be informative with regard to the inhibiting signal. 
Presumably systeiuis for inhibition of initiation have evolved to 
allow time for excision repair processes to operate on the damage before the 
replication fork has to encounter it, with possible mutagenic consequences. A 
consequence i.i. this inhibition is a cell cycle delay with normal cells being 
delayed in the S phase of the cell cycle (see Imray et a!, 1983 and references 
therein). 
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Fig 1.5. Illustrates the possible actions of the replication machinery on 
encountering a lesion in mammalian cells. These routes are 
depicts stalling at a lesion with subsequent translesion synthesis. 
gapped synthesis in which a gap is left opposite the damage. This is 
latter filled in by (b.i) a translesion synthesis event or (b.ii) after a recombination 
event places a functional stand opposite the lesion. 
illustrates a 'copy-choice' mechanism proposed by Higgins et al (1976). 
Here the newly synthesized daughter strand is used as a template to bypass the 
lesion. 





Evidence for cessation of replication fork progression. 
After irradiation with high fluences of UV, there is a reduction in 
the molecular weight of newly synthesized DNA (e.g. see Lehmann et a!, 1975). 
This reduction is due presumably to replication forks encountering lesions on the 
parental strand. The replication fork can then respond in a number of ways: 
by analogy with the bacterial system of daughter strand repair it has 
been suggested that a replication fork encountering a dimer is able to leave a 
gap in the daughter strand DNA by 'skipping' the lesion and continuing synthesis 
beyond it (Lehmann, 1982). This gap is later filled in, either by translesion 
synthesis, or after a recombination event exchanges the lesion with the isopolar 
strand, and the gap is filled in utilizing an undamaged template. The former 
route could lead to a mutagenic event while the latter does not. This 'gapped 
synthesis' model would predict that daughter strands replicated on damaged 
templates will contain discontinuities and that the nascent strands should 
approximate interdimer distances. 
the replication fork is blocked for a period of time on encountering a 
dimer and remains there until a recovery process occurs allowing synthesis to 
continue (Higgins et al,1976; Park and Cleaver 1979a,b). 
translesion synthesis occurs. 
These possibilities are illustrated in figure 1.5. 
As many workers have pointed out (e.g. Lehmann, 1979) these 
possibilities are not mutually exclusive, and that within the same cell the 
replication fork may vary dependent on the type of lesion encountered or 
whether the lesion is encountered by the leading or lagging strand (which could 
behave differently since different polymerases are involved- see Stillman, 1988). 
The first two models above are consistent with the observation of reduction in 
the size of newly synthesized DNA after irradiation with UV. However these two 
models have proved difficult to differentiate experimentally (Hanawalt et al, 
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1979; Lehmann and Karran, 1981; Friedberg, 1985). Fibre autoradiography is not 
sensitive enough to permit detection of gaps in DNA and the alkaline sucrose 
gradient data could equally well be explained by either model because of 
multiple replicon origin sites, and the sedimentation profiles tend to be broad 
with calculation subject to significant error (Friedberg, 1985). 
However circumstantial evidence for the gapped synthesis model 
has been presented. For example, the size of nascent DNA pieces in UV 
irradiated mouse cells approximates average interdimer distances (Lehmann, 
1972). Furthermore, recovery of nascent DNA to large molecular weight (M w) 
in the presence of 5-bromodeoxyuridine (5-.BrdU) results in insertion of 800-1000 
nucleotide patches of 5-BrdU in the newly synthesized DNA. If the recovered 
DNA is exposed to 313nm light (resulting in photolysis of the incorporated 5-
BrdU), the DNA is reduced to the molecular weight seen immediately after pulse 
labelling (Lehmann, 1972). 
Other experiments made use of Si nuclease. The rationale being 
the gaps formed in the daughter strand DNA should be sensitive to Si nuclease 
and create double-stranded gaps, reducing the molecular weight of the DNA. 
However, Si nuclease would also be expected to attack single stranded regions 
of stalled replication forks. Cordiero-Stone et al (1979) interpreted their results 
as indicating fork stalling and based on the bimodal distribution in M  proposed 
that gaps were produced on the lagging strand but not the leading strand. Latter 
work (Meneghini et a!, 1981) reported 65% of the gaps were 1250 nucleotides 
(close to Lehmann's estimates- Lehmann, 1982), and the remaining 35% were 
about 150 nucleotides; approximating Okazaki fragments. This supported their 
contention that gaps on the lagging strand arise by failure to complete individual 
Okazaki fragments and the leading strand may form gaps that are subsequently 
filled. The above results, by no means a complete review of the literature, 
illustrate that both models can be accommodated by the experimental data. 
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RECOVERY OF DNA SYNTHESIS. 
Regardless of whether a gap is formed or the replication fork is 
stalled, the reduced rate of DNA synthesis in UV irradiated cells recovers some 
time after irradiation (see for example Lehmann et al,1975; Park and Cleaver 
1979 a,b). By analogy with the bacterial system, the lesions opposite gaps could 
be exchanged with the isopolar strand on the sister chromatid. Studies in 
synchronized cell cultures (i.e. irradiated at G 0 or G1 of the cell cycle), looked 
for dimers (ESS) associated with the daughter (radiolabelled) DNA. To eliminate 
the possibility that random, limited repair synthesis had occurred, resulting in the 
introduction of short stretches of 3H-labelled DNA into parental template strands 
with dimers, XP(A) cells with 2% excision repair capacity were used. Fornace 
(1983) detected three dimers per 10 9 daltons of daughter-strand DNA while 
Meneghini and Menck(1978) detected 12 dimers per 10 9 daltons of daughter 
DNA. This accounts for some 3-20% of the dimers being transferred from 
parental to daughter DNA (Friedberg, 1985). Clark and Hanawalt (1984), in a 
study examining the replication of the DNA virus SV40 in its permissive host cell 
showed that for a synchronously replicating population of episomes, 75% of the 
3H-labellecl daughter strands contained pyrimidine dimers (as measured by the 
ESS assay). 
Another aspect, which can be treated as a means of recovery, is 
translesion synthesis. For example, Hall and Mount (1981) pointed out that in 
some experiments newly synthesised DNA from irradiated cells is not smaller (or 
is only slightly smaller) than DNA from unirradiated cells, suggesting either very 
fast ligation or trinslesion synthesis. The simplest pathway for tranlesion 
synthesis involves insertion of a randomly chosen base opposite the template 
lesion (leading to a mutagenic event 75% of the time). The best evidence for 
translesion synthesis is derived from observing post-replication repair of 
replicating irradiated viruses. The references cited above, demonstrating that 
dimers are also found on the daughter strands, also argue for translesion 
synthesis in that, whatever the mechanism, dimers are found in the parental 
strands. Sarasin and Hanawalt (1980) have used irradiated SV40 replicating in 
its host cells to demonstrate translesion synthesis. An irradiated synchronised 
replicating viral population initially produces smaller nascent DNA, 
approximating interdimer distances. The ratio of radiolabel incorporated at 
sequences near the origin to those removed from the origin is higher for 
irradiated than for unirradiated virus, which indicates that DNA synthesis does 
not reinitiate beyond the dimers. With time the nascent strand synthesis of 
irradiated viruses does reach those of unirradiated controls. These results 
suggested to the authors that replication continues past dimers after temporary 
arrest. That U.V. irradiation is mutagenic may be a priori evidence for translesion 
synthesis. 
An interesting "copy-choice" model has been proposed by Higgins 
et a! (1976) that leads to replicative bypass of a damaged template. This allows 
synthesis using the complementary daughter strand as a template in the damaged 
region (see Figure 1.5). Studies using density labels and sucrose gradients have 
provided evidence for limited pairing of daughter strands in UV irradiated 
human cells (Higgins et al, 1976). However it is unclear what proportion of these 
form in vivo, and what proportion are artefacts produced during cell lysis 
(Tatsumi and Strauss, 1978). 
The above 	discussion has presented some of the evidence for 
an effect of UV irradiation and lesions on DNA replication. The consensus that 
emerges is that all the different models proposed are feasible, are supported by 
some evidcncc and probably operate within the cell depending on the 
circumstances. The question of "which pathway of post-replication repair to use" 
has been recently addressed by Kaufmann (1989), and he points out that the 
pathway utilised will depend on the type of lesion, on whether the lesion is 
encountered by the leading or the lagging strand of the replication fork, and the 
sequence context of the lesion. This could reconcile the large quantity of 
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apparently contradictory literature. 
There is some disparity in the terminology associated with the 
recovery of DNA synthesis after exposure to DNA damaging agents. This 
terminology has ranged from "post-replicational or daughter strand repair" 
(Lehmann and Karran, 1981), "DNA damage tolerance" (Friedberg, 1985), to 
"post-replicational recovery" (Stamato et a!, 1981). The abbreviation PRR will be 
used here in favour of the latter. This enables the mammalian process to be 
distinguished from the well-documented bacterial recombination repair process, 
and it does not imply any mechanism of recovery. Notably, the acronym PRR 
also encompasses post-replication repair, should post-replicational recovery not 
find favour with the reader! 
EUKARYOTIC CELLS MUTANT IN PRR. 
One complementation group of Xeroderma pigmentosum, the 
variant form (XPV), represents a cell line mutant in PRR (Lehmann et a!, 1975). 
XPV are clinically indistinguishable from other XP complementation groups 
(Kraemer, 1980) but fall into a separate group (Jasper et al, 1981), and exhibit 
a slight sensitivity in comparison to other complementation groups (Andrews et 
a!, 1978). These variants exhibit normal levels of excision repair synthesis, 
assayed by unscheduled DNA synthesis and by loss of UV endonuclease 
susceptible sites (Lehmann et al, 1975). Normal and XPV cells were examined 
for nascent strand size increases by pulse labelling dividing cells, and measuring 
the size of nascent DNA on alkaline sucrose gradients. The sedimentation 
profiles are similar for V  and normal cells if the CCI1S have not been 
irradiated. On irradiation with equal fluences of UV, these workers observed a 
retardation in the growth of nascent DNA in XPV cells, such that the time taken 
to synthesise DNA of molecular weight in excess of 1.5 x 108  daltons was 1.5-2.5 
hours in normal cells but 8 hours in XPV cells. Furthermore caffeine (trimethyl 
xanthine) inhibited the restoration to high molecular weight of the nascent strand 
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almost completely, but had little effect on normal cells. Classical XP cells 
(deficient in excision repair) were intermediate in their response to this 
retardation of nascent strand growth (taking 2.5-5 hours to synthesise 1.5x10 8 
daltons of DNA, and being slightly affected by the presence of caffeine). This 
system was examined by Park and Cleaver (1979b) who also observed the 
retardation of nascent strand growth in XPV and XP(A) cells. However, they 
then repeated the experiments, altering the dose of UV given to each cell, such 
that the initial size of the nascent strands was similar and observed that the rate 
of increase in molecular weight of the nascent strand is similar between normal 
and XPV cell lines. The presence of caffeine decreases the size of nascent 
fragments for both normal and XPV cells, but the rate of increase is still similar. 
From these observations Park and Cleaver (1979b) question the existence of a 
post-replication repair mechanism, suggesting in its stead that dimers act with a 
finite probability [P(block)] to arrest chain elongation, and that replicons are 
completed by synthesis from adjacent unblocked replicons. Furthermore caffeine 
may increase P(block), explaining reduction in molecular weight, but may have 
no effect on continued chain growth. Accordingly, slow leakage past blocks or 
excision of lesions at blocked forks may also become important, explaining to 
some extent the results with classical XP cell lines. XPV cells according to this 
view have an increased probability of being blocked. 
These speculations couple DNA replication and repair closely, and 
our lack of knowledge about the former process complicates the issue. However, 
some results are not clearly explained by this model; 
- the evidence from a number of labs that gaps seemingly occur opposite 
lesions (see review by Lehmann and Karran, 1981; Friedberg, 1985; and above) 
-Lehmann and Karran (1981) point out that perturbations do clearly occur 
in DNA synthesis after irradiation which are subsequently overcome and this of 
itself is indicative of a PRR process (unless it is attributed as solely a 
consequence of excision repair from the parental DNA). 
- the model predicts an increase in P(block) for XPV cells, and this should 
give rise to a reduction in both the size of nascent DNA and the overall rate of 
synthesis; these two parameters should be correlated. However Lehmann et a! 
(1975) found that while the rate of synthesis was similar the size of newly 
synthesized DNA was LLe -. 
Other evidence not easily accommodated by the model is the 
phenotype of a CHO UV sensitive mutant, UV1, which also exhibits a defect in 
PRR, but one in which the size of DNA made is the same as in the parent cell 
line after irradiation but the rate of increase in M  is four fold slower (Stomato 
et a!, 1981). This is exactly what Park and Cleaver (1979b) predicted for a PRR 
system. That the PRR defect is fundamentally different in XPV compared to 
UV1 cells is also illustrated by their mutation frequency after irradiation. UV1 
is hypomutable (Stomato et a!, 1981), indicative of a mutation in an error prone 
pathway of PRR (analogous to the action of urnuC and u,nuD proteins in E.coli). 
This is in contrast with XPV which is hypermutable (Maher et al,1976). 
Other eukaryotic cell lines proffer further evidence for a process 
of PRR. Boyd and Setlow (1976) characterized a number of Drosophila 
melanogaster mutants defective in PRR, and classified them into two groups 
dependent on whether the residual PRR activity was caffeine sensitive or 
insensitive and have proposed that two modes of PRR are operational, one of 
which is caffeine sensitive and one of which is caffeine insensitive. Extension of 
this proposal to mammalian cells argues that in human cells the caffeine 
insensitive mode predominates, and that this is mutant in XPV cells, hence 
revealing the caffeine sensitive mode (Lehmann et al, 1975). ifl rodent Cells, 
where normal cell PRR is affected by caffeine (Lehmann and Kirk-Bell, 1974) 
the main mode is proposed to be caffeine sensitive. Walicka et a! (1978) has 
reported on two murine lymphoma cell lines, derived from the same source, 
exhibiting differential UV sensitivity and differential sensitivity to caffeine. Here, 
the UV sensitive line was not affected by caffeine, whereas the UV resistant line 
displayed sensitivity to killing after irradiation in the presence of caffeine. This 
analysis may be indicative of two PRR pathways operating in rodent cells. 
More recently Cleaver (1989) has suggested thatperhaps the XPV 
cell line is the most caffeine sensitive of the XP complementation groups because 
it is excision repair defective only in the vicinity of the DNA replication fork, 
arguing that not only does this explain the hypermutability of XPV cells (Maher 
et a!, 1976) but also its deficiencn vitro excision repair as reported by Wood et 
al (1988). This supposes that the protein free plasmid substrate used by Wood 
et a! (1988) resembles the conformation of DNA at the replication fork. 
Although notably no difference in repair synthesis was observed between UV 
irradiated exponential or confluent (stationary) human fibroblasts by Smith and 
Hanawalt (1976). Furthermore, work with several different cell types. XP, XPV, 
UV1, Drosophila mutants and Cockayne's cells, illustrates that there is no 
absolute correlation with the ability to perform excision repair and PRR. 
Cockayne's syndrome is clinically distinct from XP, characterized by arrested 
growth and development, photosensitivity, deafness, sunken eyes, premature aging 
and mental retardation. Furthermore these patients are not cancer prone 
(reviewed by Lehmann, 1987). These cells are competent for excision repair 
(Lehmann et a!, 1979) and caffeine does not alter the sensitivity to UV (Wade 
and Chu, 1979), but the cells are slow to recover DNA synthesis (Lehmann et a!, 
1979). As already mentioned, CS cells also have a failure to recover RNA 
synthesis after U.V. irradiation (Mayne and Lehmann, 1982) a consequence of 
failure to direct repair synthesis to transcribing regions (Mayne et a!, 1988). 
Interestingly this observation, coupled with the possibility that transcriptional 
elements may act as components of eukaryotic origins of DNA replication 
(DePamphilis, 1988), links repair of transcriptional units and DNA synthesis. This 
argues that one class of ori regions in eukaryotic genomes contains two 
components:- 
1. a core component, dedicated to DNA replication, which is required for 
replication under all conditions 
2. an auxiliary component, containing promoter or enhancer elements which 
determine the efficiency of replication. 
The evidence taken together is indicative that eukaryotic cells have 
distinct mechanisms to enable DNA replication on a damaged template. 
Different cell mutants can be categorised as lacking certain aspects of this 
recovery process, and their study, for example by cloning the genes which are 
defective, should help in elucidating the nature of the mechanism of PRR in 
mammalian cells. 
1.3 REGULATION OF DNA REPAIR. 
1.3.1 Regulation of DNA repair in E.coli. 
A number of inducible responses have been characterised in E.coli 
that are activated on DNA damage. The adaptive response has already been 
mentioned, and this has been reviewed by Lindahi et a! (1988). In essence, the 
Ada protein of E.coli irreversibly accepts the damaging methyl group from the 
DNA and in doing so is inactivated as an enzyme. However, in this methylated 
form it acts as a transcriptional regulator and binds a DNA sequence, the Ada 
box, upstream of promoters of ada, alkA and aidB genes. This effects the 
production of more Ada protein which acts to repair more damage and continues 
transactivation of genes. The alkA gene product is a 3-methyladenine DNA 
glycosylase and so repairs 3-mAde and 3-mGua. The function of the AidB 
product is unknown. This system is down-regulated by OmpT degradation of the 
methylated Ada protein (which ceases to be methylated on removal of the 
damage). 
Another inducible system characterised in some detail is the SOS 
response, which relies on a different type of transcriptional control, and is 
reviewed by Little and Mount (1982), Barbé (1988) and Ossanna et a! (1986). 
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The response, activated by DNA damaging agents that cause bulky adducts, i.e. 
UV, results in increased resistance to killing by these agents, increased 
mutagenesis and induction of phages such as A and phage 80. In this system, the 
product of the lexA gene acts as a transcriptional repressor of about 20 genes 
(including lexA, recA, uvrA, uvrB, uvrC and the umuCD operon) involved in cell 
division, mutagenesis, DNA repair and recombination. On DNA damage, one of 
the gene products under LexA control, the RecA protein, is activated - the 
inducing signal is thought to be single stranded regions in the DNA caused by 
replicosome skipping, the excision repair process, or the damage itself. This 
activated RecA protein (RecA*)  then mediates proteolysis of LexA, and may 
induce autocatalytic cleavage of the LexA protein. This cleavage reduces the 
level of the LexA repressor and hence increases the transcription of the SOS 
regulon. This results in increased protein products for excision repair (UvrA, 
UvrB, UvrC), for recombinational repair (RecA), translesion synthesis in an 
error-prone mode (umuC and urnuD) and notably the LexA protein is an 
autorepressor and hence its gene is derepressed on cleavage. The activated 
RecA* protein is degraded (possibly by the ion gene product). After DNA repair, 
the level of the inducing signal falls, and the rate of synthesis of the RecA and 
LexA mRNA diminishes (with reduced LexA cleavage) until the system is down 
regulated. Bacteriophage have evolved repressors that can be cleaved by 
activated RecA*  and cleavage leads them into lytic growth. Furthermore the 
UmuD protein is cleaved by RecA*  and this cleavage seems essential for its role 
in mutagenesis. This extra tier of control may downregulate the action of the 
UmuD protein more rapidly, than just relying on degradation of the protein. An 
intrsting development in the control of this regulon is the discovery of the psiB 
(jlamid -SOS inhibitor) gene (on the conjugative plasmids R100 and R6-5), the 
product of which inhibits the SOS response (Golub et al, 1988). The mechanism 
by which the 12KD product achieves this or its significance is, at the moment, 
unclear. 
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REGULATION IN EUKARYOTIC CELLS. 
In yeast. 
In the yeast S.cerevisae a number of genes have been located the 
transcription of which increases after DNA damage (reviewed by Burtscher et a!, 
1988). The approaches to the molecular isolation of inducible genes have been: 
fusion of yeast genes to the E.coli lacZ gene, and testing for increased 
-galactosidase activity, after exposure of the cells harbouring such constructs to 
DNA damaging agents (Ruby and Szostak, 1985). This approach yielded six 
genes, none of which, had been previously identified, although they are separate 
from RAD genes. 
differential hybridization using cDNA's prepared from irradiated and 
unirradiated cells (McClanahan and McEntee, 1986). These workers also 
identified six genes (distinct from the six above). Two of these appear also to be 
induced by heat shock. 
Some cloned genes with functions ascribed to them have also been 
reported to be damage inducible, i.e. the small subunit of ribonucleotide 
reductase and a DNA ligase gene (CDC9). However the inducing signal and the 
mechanism of induction remains unclear. 
In mammalian cells. 
As with other DNA repair systems, several workers have tested 
models based on the E.coli SOS system (reviewed by Sarasin, 1985; Rossman and 
Klein, 1985; Summers et a!, 1985; Denhardt and Kowalski, 1988). The absence 
of 'SOS-deficient' mutants in mammalian cells, analogous to the recA and leL4 
E.coli mutants (i.e. revealing a wide range of aberrant phenotypes) make it 
difficult to conclusively ascribe some of the reported observations as due to a 
pleiotropic SOS response. 
Initial studies in mammalian cells concentrated on the nature of the 
SOS system as it was revealed with phage A. in E.coli. These studies involved 
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Weigle reactivation (increased survival and mutagenesis of UV irradiated phage 
due to irradiation of the host cells), prophage induction after irradiation, and the 
inducible nature of these phenomena. This latter aspect was tested using split 
dose experiments, based on the rationale that a small initial dose would induce 
any stress response system such that the biological effect due to a second dose 
should be different from the response obtained in cells treated only with a large 
single dose. 
Studies based around Weigle reactivation utilizing irradiated viruses 
such as SV40 and HSV on irradiated host cells, seem to reveal both enhanced 
recovery and mutagenesis of the viruses (see Sarasin, 1985 and references 
therein). Furthermore, this enhanced reactivation and mutagenesis of viruses can 
be inhibited if the cells are treated with the protein synthesis inhibitor 
cycloheximide. However, as Rossman and Klein (1985) point out, these results 
should be treated cautiously since in mammalian cells cyclohexamide has a direct 
inhibitory effect on DNA synthesis. The mechanism of these seemingly inducible 
effects has been examined using a variety of protease inhibitors, the rationale 
being that if the mechanism is analogous to the bacterial SOS system, inhibition 
of cleavage of the repressor should reveal some biological effects. These studies 
were exemplified by reports in the 1970's that competitive protease inhibitors 
could inhibit transformation of some cells in vitro, and this was rationalized to 
an inhibition of an error prone repair system (see Rossman and Klein, 1985 and 
references therein). However these latter workers reported no effect on the 
toxicity or mutagenicity of a range of DNA damaging agents in the presence of 
five protease inhibitors. Induction of integrated mammalian viruses from 
semipermissive cells can be stimulated by a range of chemical and physical 
agents (see review by Bockstahler 1981). For example the DNA virus SV40 can 
be induced from transformed cells, into which it is integrated, by cell fusion to 
UV irradiated monkey cells, and this is attributed to an unidentified transacting 
factor (see for example Nomura and Oishi, 1984). Furthermore this effect is 
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inhibited by cycloheximide, although this latter observation should again be 
treated cautiously (see above). 
D'Ambrosio and Setlow (1976) reported on experiments with 
Chinese hamster V79 cells that were exposed to a small dose of UV several 
hours before a larger dose was applied and observed (using. alkaline sucrose 
gradients) that the rate of increase in the size of the daughter strand appeared 
faster than in cells given only the larger dose. Furthermore this effect is not 
observed in XP or XPV cells defective in PRR (Moustacchi et al, 1979). 
However, Painter (1978) points out that there is an abnormal size distribution 
in the DNA from these cells, after the first small dose, and that it is possible that 
some DNA of intermediate size arrested after the first dose can enlarge after the 
second dose, hence giving the impression that the size increase is occurring 
faster. 
More recent techniques of molecular biology have yielded more 
conclusive evidence of induction of gene expression in cells exposed to DNA 
damaging agents. Herrlich et a! (1986) have used a number of approaches on 
cells treated with damaging agents: 
labelling proteins and resolving them by two dimensional gel 
electrophoresis and examining the autoradiograms of induced proteins. 
looking for mRNA induction by isolating mRNA from treated cells, 
translating these in vitro, and examining the proteins as above. 
isolating mRNA species induced by damaging agents using differential 
hybridization techniques. 
These techniques have revealed both induction of proteins and mRNA. A 
number of these mRNAs have been cloned and identified as transcripts for 
metallothionein II, plasminogen activator, collagenase and c-.fos. Other workers 
have also reported induction of metallothionein I and II genes in Chinese 
hamster ovary cells (Fornace et al,1988). These latter workers have used the 
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approach of low ratio-hybridization subtraction to isolate the cDNA of UV 
induced transcripts from CHO cells. They have determined that induction is 
inhibited by the transcription inhibitor actinomycin D, and classified the 
transcripts into two classes: 
class 1 - comprising of 10 transcripts that are inducible by UV but not 
alkylating agents 
class 2 - comprising 14 transcripts induced by both UV and the alkylating 
agent MMS. One of these transcripts is also induced by heat shock. 
By deletion analysis of the promoter regions, the UV-reponsive element (URE) 
have been identified from the inducible genes c-fos and collagenase, but these 
8-20 base pair long sequences have revealed no apparent homology. Notably 
induction of these transcripts is not inhibited by inhibition of protein synthesis 
suggesting that transcriptional activation is mediated by post-translational 
modification of the protein(s) binding or mediating binding of transcriptional 
factors to URE. Herrlich (cited in Lambert and Hanawalt, 1990) has suggested 
that fos plays a key role in this UV induced response since cells with this 
oncogene respond to UV by activation of both the collagenase and HIV-1 
promoters whereas this response is absent in fos cells. 
Denccdt and Kowalski (1988) have proposed that poly(ADP)ribose 
polymerase (PADPRP) may be responsible for initiating the changes in gene 
expression induced by DNA damage. PADPRP has been implicated for some 
time as having some function in DNA repair. The enzyme is activated by breaks 
in DNA.. and in this active state transfers an ADPribose residue from 
nicotinamide adenosine diphosphate (NAD) to various proteins including histone 
Hi, which in turn causes changes in chromatin structure. Inhibitors of PADPRP 
(e.g. 3-aminobenzamide) potentiate the killing effects of various DNA damaging 
agents. Although paradoxically polyriboslylation has been reported to inhibit the 
enzymatic activity of DNA polymerase a and 3, DNA ligase II and DNA 
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topoisomerase in vitro (see Dehrncdk and Kowalski and references therein). 
Whether PADPRP is responsible for sensing damage and transducing a signal for 
gene activation may be best addressed in cell lines deficient in PADPRP activity 
recently reported by Berger (in Lambert and Hanawalt, 1990). 
The foregoing account briefly outlined some of the iñ.'estigations 
that are ongoing to describe an 'SOS' like system in eukaiyotic cells. The system 
in E.coli has proved useful as a model and the molecular cloning and promoter 
analysis of UV inducible genes will surely reveal a coordinately regulated stress 
response system in mammalian cells. This response may be mediated in a 
different way to RecA/LexA modulation in E.coli. For example specific mRNA 
stabilization is a possibility not strictly excluded from some of the experiments 
described. However it may be induced, there are clearly a number of genes that 
are induced although the mechanism is at this time not determined. 
Clearly, cells mutant in genes regulating this pathway would be helpful in 
elucidating the mechanism, and it is tempting to speculate what phenotype might 
be expected of these cells. It is not unreasonable to suppose that mutant cells 
will display extreme sensitivity to damaging agents, possibly display cell cycle 
aberrations, and probably exhibit some overlap with a number of characterized 
DNA repair mutants. 
1.4 THE PHENOTYPE OF SVM. 
It may be pertinent at this point to describe the phenotype, with 
regard to DNA repair, of the cell line used in this study. The cell line is derived 
from fibroblasts of the Indian miintjac (Muntiacus muntJak) and is transformed 
by the DNA virus SV40. Indian muntjac cells are very amenable to cytogenetic 
studies since they have a small number (2n = 6 or 7) of large chromosomes. SVM 
was initially characterized during studies on chromosome organization as 
producing aberrant chromosomal structures (i.e. ring chromosomes). Pillidge et 
al (1986a) characterized the sensitivity of SVM to UV irradiation compared with 
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another nonisogenic muntjac cell line, DM. These workers reported 
hypersensitivity of SVM, compared to DM, to UV irradiation (Pillidge et a!, 
1986a). The cell line also displays a degree of hypersensitivity to alkylating agents 
that is agent specific; declining in the order MNNG > MNU > DMS > EMS. The 
ratio of the P37 (dose at which 37% of the population survives) for SVM divided 
by that for DM is 6.1 for MNNG and 1.3 for EMS (S.Musk and R. Johnson, per. 
comm.). 
Pillidge et a! (1986a) investigated the cause of the hypersensitivity 
of SVM to UV irradiation and demonstrated that although low (20% of normal 
human levels), excision repair was normal; that is comparable to DM. In this 
respect muntjac cells are comparable to rodent cells, placing a greater reliance 
on the ability of replicational and transcriptional processes to tolerate or bypass 
lesions remaining in the template. Excision repair parameters measured were the 
ability to incise DNA (i.e. generation of single stranded breaks), the level of 
UDS (i.e. incorporation of 3H-thymidine into the nucleus outside the S 
compartment of the cell cycle) and time course of single stranded break 
disappearance (an indication of ligation events after repair). However SVM was 
defective in two aspects of repair. Nascent strand synthesis was greatly delayed 
on an irradiated template. The sedimentation behaviour of DNA (3H-thymidine 
pulsed) on alkaline sucrose gradients was similar for unirradiated SVM compared 
to DM. After irradiation the sedimentation profiles of newly synthesized SVM 
and DM are initially the same, but whereas after 16h most of the nascent DNA 
has been processed to a high molecular weight form in DM cells, SVM nascent 
DNA is still of low molecular size. In this defect SVM cells resemble both the 
XP variant (Lehmann et a!, 1975) and the CHO UV1 mutant (Stomato et a!, 
1982). The data of Pillidge et a! (1986a) does not differentiate on the nature of 
the PRR defect i.e. as in the XP variant (small initial size of nascent DNA 
increasing in size at a rate similar to controls; Park and Cleaver, 1979b) or as in 
the UV1 cell line (initial nascent strand size similar to control levels but 
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elongation is slower; Stomato et a!, 1981). SVM does differ in some respects to 
XPV and UV1 in that it displays extreme sensitivity in clonal assays to UV 
irradiation, while XPV and UV1 are moderately sensitive. (Pillidge et a!, 1986a; 
Maher and McCormick, 1976; Stomato et a!, 1981). Finally while XP cells are 
hypermutabie (Maher et a!, 1976) and UV1 cells are hypomutable (Stomaato et 
a!, 1981) SVM mutation rates are comparable to the control DM cell line 
(S.Bouffler and R.Johnson, per. comm.). 
A further defect revealed by Pillidge et a! (1986a) was a prolonged 
inhibition of RNA synthesis after UV irradiation, reminiscent of cells from 
patients with Cockayne's syndrome (Mayne and Lehmann, 1982). This depression 
was dose dependent, and while the recovery (after irradiation at 2J/m 2) was 
complete for DM in 4h, SVM had only incorporated 50% 3H-uridine compared 
to control unirradiated cells (Pillidge 1986a). Cockaynes cells are sensitive to 
killing by UV (e.g. Marshall et a!, 1980) and although DNA synthesis is initially 
depressed after UV irradiation it does recover to normal levels (Lehmann and 
Mayne, 1981). The defect in repression of RNA synthesis has been defined as 
failure of these cells to preferentially direct repair to transcribing regions of the 
genome (Mayne et a!, 1988). 
Pillidge et al(1986b) have also reported excessive chromosome 
fragility and abundance of sister chromatid exchanges induced by UV in SVM. 
Sister chromatid exchanges (SCE) can be defined as exchanges of DNA between 
sister chromatids after replication of the chromosome (see review by Lan, 1981; 
Deen et a!, 1989) The mechanism by which SCEs occur and why they occur 
remains a mystery; a variety of conditions are documented as inducing SCEs 
(Latt, 1981). Pillidge et a! (1986b) report an elevation of SCEs after UV 
irradiation which is higher than those reported for some other cells with DNA 
repair defects. For example, after UV irradiation XPA and XPC were found to 
have SCEs 10 fold over normal cells (de Weerd-Kastelein et al, 1977) SVM 
displays 20 fold enhancement. This is more pronounced than that reported for 
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Cockaynes syndrome cells (Marshall et a!, 1980). Notably all the above cells 
exhibit some retardation of DNA synthesis after UV irradiation although none 
are as pronounced as SVM. Pillidge et al (1986b) also reported that SCE in 
UV1, a cell line with a defect in PRR (Stomato et a!, 1981), barely doubles after 
UV irradiation compared to a normal hamster cell line. This suggests that defects 
in PRR in themselves are insufficient to explain the high levels of SCE found in 
SVM. For completeness, it is worth noting that high spontaneous SCE levels (10-
12 fold over normal) have been reported for cells derived from patients with 
Bloom's syndrome (Chaganti et a!, 1974). Some of these cell lines have been 
attributed as having a defective DNA ligase I activity (Willis and Lindhal, 1987; 
Chan et al,1987). SCEs would seem to be an end-point of various aspects of 
damage to DNA, however until an underlying mechanism for their formation is 
elucidated it is difficult to reconcile the nature of the defect in various cells. 
Musk et al (1989) have reported on the alkylation sensitivity of 
SVM. These workers report hypersensitivity of SVM, compared with DM, to 
exposure with methylnitrosourea (MNU) and to dimethylsulphate (DMS). SVM 
also exhibits enhanced levels of SCEs after exposure to these agents. Musk et a! 
(1989) propose that the hypersensitivity of SVM to MNU and to DMS have a 
different basis. Whereas MNU reacts extensively with oxygen atoms in DNA 
bases (causing principally 0 6-methylguanine lesions), DMS reacts almost entirely 
with nitrogen atoms (i.e. causing 3-methyladenine or 7-methylguanine). These 
workers observed the accumulation of strand breaks in SVM and DM following 
exposure to DMS or MNU. This was done in the presence of inhibitors of DNA 
repair synthesis (hydroxarea and arabinose C) which blocks synthesis of repair 
patches subsequent to enzymatic incision of the DNA. While after DMS 
treatment the appearance of breaks is similar in DM and SVM, removal of the 
inhibitors causes rapid disappearance of the gaps in DM but a much slower loss 
is observed in SVM. Although not defective, the repair apparatus is more easily 
overloaded than that in DM. A number of cell lines have been reported with 
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regard to the persistence of breaks after initial enzymatic incisions. For example 
a CHO cell line EM9 (Thompson et a!, 1982) which shares with Bloom's 
syndrome a high spontaneous SCE level, but is not defective in the same 
pathway (Ray et a!, 1987), and human 46BR cells which are hypersensitive to 
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DMS, accumulate long lived strand hand have an abnormal DNA ligase I defect 
similar to that reported for some Bloom's syndrome cells (Lehmann et al,1988). 
Notably ligase activity is not altered in SVM, according to the assay of Willis and 
Lindcthl (1987), (R. Johnson, per. comm.). 
The situation is contrasted with MNU which causes very few strand 
breaks to appear consistent with the idea that the major route for removal of 
lesions such as 06-methylguanine is the direct action of the enzyme 06 
methylguanine transferase. This latter activity is depressed in SVM cells, and is 
probably due to the DNA virus SV40 (Day et a!, 1987 and next section). This is 
supported by the rescue of the MNU sensitive phenotype of SVM by transfection 
into it of the E.co!i ada gene, but not of the DMS sensitivity. 
The action of caffeine on SVM is markedly different to its action 
on DM cells. Caffeine greatly increases the killing effect of UV and also 
potentiates SCEs after UV in SVM, and to some extent in DM (Musk et a!, 
1988). Caffeine is well documented as an agent that potentiates the cytotoxic, 
mutagenic and chromosome damaging effects of many DNA damaging agents, 
by means that are not understood. With respect to UV, Lehmann and Kirkbell 
(1974) reported that in the presence of caffeine nascent DNA was of a smaller 
M than that synthesised in the absence of caffeine. Caffeine can also exercise 
its synergy to killing with some agents (i.e. alkylating agents) without measurably 
affecting PRR, but instead by overriding a damage induced delay in cell cycle 
progression. This normal delay in G 2 is overridden such that cells continue 
through G2 despite damage to their chromatin and enter mitosis with lethal 
damage unrepaired (Lau and Pardee, 1982). The effect of caffeine on DM is 
demonstrated to be due to its inhibition of PRR (Musk et a!, 1988) and in SVM 
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the limited PRR is caffeine insensitive but caffeine affects its block on cell cycle 
traverse (Musk et al,1990). SVM cells exhibit a defect in a caffeine insensitive 
cell cycle block mechanism. Hence the SVM and DM cell lines exemplify 
separate effects of caffeine on mammalian cells - effects on PRR and on cell 
cycle progression respectively. 
In summary SVM has been demonstrated to be defective in a 
number of aspects of DNA repair and these include PRR, recovery of RNA 
synthesis after UV irradiation, cell cycle block, SCE formation and a retardation 
of gap sealing after DNA exposure. 
1.4.1 CLONING THE GENE(S) DEFECTIVE IN SYM. 
The SVM cell line has proved to be an excellent recipient in both 
uptake and maintenance of exogenous DNA (S.Bouffler and R.Johnson, per. 
comm.). Attempts to clone the gene(s) defective in SVM have yielded some 
interesting results, in that the defective phenotypes have been genetically 
separated. The technology used has been to transfer high molecular weight DNA 
from normal (with regard to DNA repair) human or mouse cells, into SVM, 
along with a selectable marker. A double selection is then imposed for the 
selectable marker and for resistance to a DNA damaging agent. Any cells 
surviving this selection are characterized and if the DNA repair capacity is 
improved, DNA from these is passaged through SVM cells to dilute mouse or 
human sequences. Most of the experiments have yielded secondary (and in one 
case tertiary) transfectants.The different experiments can be summarised as: 
Experiment 1- (selection with UV) partially rescued the UV and MNU sensitivity 
of the cell line with a parallel improvement in PRR. The sensitivity to DMS was 
not rescued, nor was the SCE response following UV treatment. The 
transfectants also revealed a greatly increased UV mutation rate at the 
hypoxanthine guanine phosphoribosyl transferase (HPRT) locus. This is 
suggestive of a mouse derived gene involved in an error prone mode of PRR 
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being expressed in this series of transfectants. 
Experiment 2- (selection with DMS) initial characterisation reveals partial rescue 
of the UV and DMS sensitivity but not the MNU sensitivity. 
Experiment 3- (selection with UV) primary transfectants reveal sensitivity to UV, 
DMS and MNU but a recovery to normal levels of SCE induction (S.Bouffler 
and R.Johnson, per.comm.) 
These results are intriguing and a number of interpretations are possible: 
- SVM may have suffered considerable mutagenesis resulting in mutations 
to a number of different repair genes. Although this might allow a number of 
such genes to be cloned, the possibility that a number of different repair genes 
have undergone mutations in the same cell line is highly improbable. 
- SVM is mutant in one gene product which is involved in a central 
process. For example such a range of phenotypes has been observed for the yeast 
rad6 mutant, the complementing gene of which has been shown to encode a 
ubiquitin-conjugating enzyme (Jentsch et a!, 1987). By analogy with E.coli, recA 
and le,xA mutants exhibit a broad spectrum of phenotypes including post-
replication recovery defects and cell cycle abnormalities (Ossana et al, 1986). 
- the viral genome of the DNA tumour virus SV40, used to transform the 
cell may exert an effect on the repair phenotype. 
This latter possibility is considered further below. 
1.5 SV40 AND ITS EFFECT ON THE REPAIR PHENOTYPE. 
A fundamental problem with virally transformed cells is the 
possibility that the process of transformation per se alters the phenotypic response 
to DNA damaging agents. A number of reports give credence to this possibility. 
Wolff et al (1977) reported that the SV40 transformed cell line XP12RO was 
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hypersensitive to SCE formation after EMS or UV irradiation. The 
hypersensitivity to EMS was confirmed by Heddle and Arlett (1980) but these 
workers also reported that the corresponding primary XP strain showed no 
hypersensitivity in either SCE production or killing by EMS. To this result is 
worth adding those of Nichols et a! (1978) who reported that SV40 
transformation of human fibroblasts is associated with increased SCE formation. 
Excision repair (assayed as UV induced strand incision) has been reported to be 
reduced in SV40 transformed normal cells and 5V40 transformed Blooms cells 
(Squires et al, 1982). The rner phenotype has been well documented by Day and 
coworkers (reviewed by Day et al,1987), who have reported defective repair of 
06-alkylated purines in SV40 transformed cells. This results in sensitivity to some 
alkylating agents (i.e. MNU, MNNG) and induced SCEs. This decreased repair 
capacity has also been demonstrated as a deficiency of SV40 transformed cells 
to support the growth of MNNG treated adenovirus V (host cell reactivation, 
HCR). More recently Rainbow (1989) reported on the DNA repair capacity of 
five human tumour cells, one SV40 transformed cell line and one adenovirus V 
transformed cell line, using as an index the ability of these cells to support the 
production of viral antigens after UV irradiation of the virus. This study 
indicated a decreased ability for repair in the tumour cells and in the SV40 
transformed cell line, but the Adenovirus V transformed cell line had a normal 
repair capacity. Hence transformation per se is not sufficient to depress repair 
capacity. Cleaver (1989) has reported that SV40 transformation can potentiate 
the synergistic killing effect of caffeine with UV irradiation. He cites a dose 
oifi mdcation factor (ratio of 37% survival dose for control cells divided by the 
37% survival dose for cells cultivated with caffeine) as 1.9 for normal SV40 
transformed cells, 3.8-5.8 for SV40 XP(A), XP(C) and XP(D) cells (whereas 
normal (XP(A) fibroblasts show only a slight effect) and 12 for a SV40 
transformed XPV cell line (compared to 2 for XPV fibroblasts). Smith and 
Hanawalt (1976), utilizing repair replication as an index, could detect no 
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Fig. 1.6. Illustrates the genomic map and control region of SV4O. The diagram 
represents the control region for expression of SV40 early genes (large T and 
small t antigens) and late genes (VP1, 2 and 3). The pre-mRNAs produced from 
these genes are illustrated with the splicing events they undergo. The boxed 
regions in these represent translated sequences. 
The promoter regions of the early transcriptional unit are illustrated as (AT), a 
Goldberg-Hogness box and three 21bp repeats. The enhancer region, constituted 
by the tandem 72bp repeats, is expanded to reveal its DNA sequence. The 
various domains and modules implicated in enhancer function are illustrated as 
motifs. Also indicated are transcription factor binding sites. 
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difference between a human fibroblast cell line and its transformed counterpart. 
At the other end of the spectrum, Gnatt et al (1984) have reported 
enhanced repair of cross-links in an SV40 transformed cell line. Kuhnlein and 
Paterson (1990) reported a 10 fold increase in, levels of uracil glycosylase, 
apurinic/apyrimidinic (AP) endonuclease and general deoxyribonuclease activity 
in SV40 transformed cells, compared to a normal fibroblast cell line in 
logarithmic growth. This increase was still apparent in serum deprived (growth 
retarded) SV40 transformed cells. Furthermore a similar increase was noted in 
SV40 transformed XP(A) and ataxia telangiectasia cells. Dehazya et al (1986) 
measured levels of uracil glycosylase and hypoxanthine DNA glycosylase. The 
former was increased 10 fold while the latter was increased some 3-6 fold in 
SV40 transformed human fibroblasts compared to normal cells. 
These reports taken together indicate that SV40 transformation can 
have an effect on the repair phenotype of a cell. The mechanism by which this 
change is effected is unknown but it must be mediated through some effect of 
either the DNA or the gene products of SV40. Hence SV40 and some of its 
pertinent biology is discussed. 
1.6 SV4O 
Simian virus 40 (SV40) is a small icosahedral virus isolated from 
the rhesus monkey. It is not oncogenic to its host cells but will transform 
cultured cells from a variety of species (Tooze, 1981). It possesses a circular 
duplex DNA molecule of 5243 base pairs, illustrated in Fig 1.6. It codes for six 
gene products; 3 coat proteins (VP1, \'P2, and \'P3), a 61 ainiilo acid 
agnoprotein (of unknown function but implicated in encapsidation) and two early 
products, the large T-antigen and the small t-antigen (94 Kd and 17 Kd 
respectively). The T-antigen is produced as an early gene product, from a pre-
mRNA transcript that is differentially spliced, the other transcript giving rise to 
the small t-antigen. The major properties of transformation, perturbation to 
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cellular transcription and replication have been ascribed to the large 708 amino 
acid T-antigen. Temperature sensitive mutants (tsA) of SV40 at the T-antigen 
locus cannot transform cell lines at the non-permissive temperature. Transformed 
cell lines can be established at the permissive temperature but revert to the 
normal phenotype at the non-permissive temperature. Large T-antigen is thus 
required for both the initiation and maintenance of transformation. Mutants that 
harbour a deletion which uniquely remove small t-antigen sequences are still able 
to transform cells in culture (see Tooze, 1981 and references therein). It is 
reasonable to suppose that the effect of SV40 on the DNA repair phenotype of 
a cell may be mediated by the large T-antigen and hence it is discussed in more 
detail below. 
1.6.1 THE SV40 LARGE T-ANTIGEN 
Large T-antigen is a multifunctional protein and its variety of 
functions have been reviewed by Rigby and Lane (1983). It binds specifically to 
SV40 DNA at As origin of replication and mediates initiation of replication of 
viral DNA (Stillman, 1988). The promoter for the early transcription unit is 
interdigitated with the viral origin of replication and consequently when the T -
antigen binds it blocks the promoter, and so its own synthesis (see Fig 1.6). Even 
in the absence of viral replication T-antigen can stimulate transcription from the 
late viral promoter (Brady and Khoury, 1985). Hence in productive infection this 
protein is capable of acting as both a positive activator and a negative repressor 
of RNA polymerase II transcription. In addition to a DNA binding activity T-
antigen possesses a DNA dependent ATPase activity, RNA and DNA helicase 
activity, and protein-protein binding activities. These various functions are 
probably controlled by its complex post translation modifications, including 
adenylation, phosphorylation, acylation and ADP-ribosylation (see Rigby and 
Lane, 1983; Livingston and Bradley, 1987). Some of these functions are discussed 
more specifically below. 
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T-antigen and cellular replication. 
As was noted earlier, eukaryotic DNA replication is initiated at 
multiple origins separated by some 100 Kb (Campbell, 1986). Furthermore most 
of these origins fire in clusters activated at S phase in a sequential manner. SV40 
transformants are changed in these characteristics. In these cells the distance 
between the origins of replication is decreased from 100 Kb to 80 KB. 
Furthermore the process of transformation allows for replication to continue in 
nutritionally depleted media, although in this state the distance between the 
replicons was measured at 130 Kb. Martin (1981) proposed that the T-antigen 
can bind to host DNA and promote initiation of replication, suggesting that it 
occurred in an analogous manner to T-antigen initiation of viral DNA 
replication. Indeed DNA sequences isolated from rodent cell lines were 
identified that resembled the viral origins of replication. The value of 130 Kb 
between origins of replication in depleted media may reflect initiation by T-
antigen alone (see Martin, 1981 and references therein). 
The role of T-antigen in replication was believed to be limited to 
initiation of DNA replication. For example Tegtmeyer (1972) had demonstrated 
that tsA mutants transferred to the non-permissive temperature would not initiate 
new rounds of viral DNA synthesis, but those already initiated would go to 
completion. However Stahl eta! (1985) demonstrated the association of T-antigen 
with the replication fork of SV40 DNA. These workers further demonstrated that 
elongation could be inhibited both in vitro and in vivo using anti T monoclonal 
antibodies. In a subsequent paper (Sthal et al, 1986) they proposed a function for 
T-antigen in the replicosome by providing biochemical evidence  thlat purified T-
antigen possesses a DNA helicase activity (by virtue of its ability to displace a 
short complementary primer from a single-stranded M13 template). This 
accounted for the report of an ATPase activity for T-antigen, which is stimulated 
in the presence of double stranded DNA (see Rigby and Lane, 1981). Notably 
this helicase activity is not revealed on fully double stranded DNA but requires 
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a single stranded region to unwind a duplex of some 150 bp in vitro. The extent 
of single stranded region required has not been determined, nor has the polarity 
of the helicase activity. However as Gough and Lane (1986) pointed out, it is 
reasonable to assume that a nick is sufficient (being sufficient for most helicases 
involved in DNA replication) and that the polarity is 5' to 3' commensurate with 
its role in replication. It should be noted that Smale and Tjian (1986) have 
provided evidence for a T-antigen - DNA polymerase a complex during SV40 
DNA replication. 
The regulation of cellular transcription by T-antigen. 
The biological literature is replete with reports of some aspect of 
cellular metabolism being altered on transformation. Martin (1981) has 
catalogued these reports with respect to SV40 transformation, and some of these 
are likely to be due to transcriptional regulation of cellular genes by the T-
antigen, or as a consequence of this. 
An example is the stimulation of transcription of rRNA genes by 
RNA polymerase I. In human-mouse hybrids only one of the two rRNA gene 
complements is active. Introduction of large T-antigen into such cells by any one 
of a number of techniques leads to activation of the previously quiescent 
complement and this activation is at the level of transcription (Soparano et a!, 
1983). Indeed, Learned et a! (1983) have shown that large T-antigen stimulates 
RNA polymerase I transcription in in vitro systems. Williams et al (1977) 
analysed the cytoplasmic RNA population of an SV40-transformed human cell 
line and its normal parent by complementary DNA-mRNA hybridization in 
solution. Their data showed that approximately 3% of the transformed cell RNAs 
were not present in normal cells and conversely 3% of normal cell RNAS were 
absent from the transformed cell. Rigby and colleagues (see for example Rigby 
et a!, 1985) have used differential eDNA cloning techniques to isolate a number 
of cellular mRNAs which are activated as a result of SV40 transformation. Based 
on sequence data a number of these clones have been identified as coding for 
a class I MHC antigen, an endogenous retrovirus, cytochrome oxidase subunits 
I and II, and a sequence repeated through the mouse genome. This approach 
does not yield clones specifically activated by the T-antigen binding to their 
promoter regions, nor can it identify genes whose transcription is depressed. 
The elegant approach used by Lane et a! (1985) does specifically 
lead to isolation of genes that are either activated of repressed by T-antigen 
binding to their promoters. These workers isolated chromatin from transformed 
cells, restricted it with a restriction endonuclease, and the T-antigen (with its 
bound DNA) was immunoprecipitated. The DNA so enriched was cloned. These 
clones have yielded fragments of genes that on Northern blot analysis reveal 
transcripts (not of SV40 origin) uniquely in transformed cells or uniquely in 
normal fibroblasts. However sequence comparisons with the existing sequences 
in the gene data bases have revealed no significant homologies (D. Lane, per. 
comm.). 
Other activities of T-antigen. 
Large T-antigen also possesses an RNA helicase activity (Scheffner 
et a!, 1989), in that it can displace an RNA strand from a RNA duplex in vitro. 
Large T-antigen is also prolific in protein-protein interactions. It 
has been reported to bind two proteins mediating oncogenesis, the anti-oncogene 
p53 (see O'Reilly, 1986) and the retinoblastoma gene product (Ludlow et a!, 
1989). Binding has also been demonstrated for a 107 KD protein (Dyson et a!, 
1989) implicated in oncogenesis. Finally it has been showii to bind the 
transcriptional factor AP-2, and in so doing inhibits its activity (Mitchell et a!, 
1987). This latter case illustrates the point of an effect on transcription by the T-
antigen without direct binding to a promoter region of a gene. 
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1.6.2 THE SV40 ENHANCER. 
SV40 has served as a model system for the elucidation of trans 
acting regulatory proteins (the T-antigen) and cis dependent control sequences. 
Early studies on identification of sequences required for transcription revealed 
that when a 366 bp DNA segment of the SV40 control region was linked to a - 
globin gene, it enhanced transcription by 200-fold (Banerji et a!, 1981). This 
segment contained a 72 bp repeat sequence (see fig. 1.6). Benoist and Chambon 
(1981) had demonstrated that deletion of one of the 72bp elements did not 
reduce early gene expression or virus viability, but that removal of a portion of 
the second repeat reduced expression dramatically. This need for one 72 bp 
repeat was also observed in the 3-globin studies. Furthermore these studies 
revealed that enhancement was achieved in either orientation 1400 bp 5' or 3300 
bp 3' of the gene. 
Subsequent studies have elucidated the properties of enhancers, and 
implicit in these properties is its definition. Enhancers have the ability to: 
- increase transcription of cis linked promoters 
- operate in an orientation independent manner 
- exert an effect over large distances independent of position 
- enhance the expression of heterologous promoters 
(see Lewin, 1989 and references therein). 
Fig 1.6 illustrates the sequence around the 5V40 enhancer and 
various motifs implicated in the function of the enhancer. The figure illustrates 
the modular nature of theenhancer within one of the 72 bp repeat sequences. 
For example domain A and domain B act synergistically to increase transcription 
10 - 20 fold. Zenke et a! (1986) have systematically analysed this 72 bp region 
(by mutagenesis) and have identified nucleotide sequences critical for functional 
activity of the enhancer. Notably no mutation totally abolishes the enhancer 
effect, indicative of some functional redundancy of sequences. These mutation 
studies have identified three regionwithin the enhancer that seem to be 
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important for function (see Fig. 1.6). Deletions at these sequences, the core 
sequence or the purine/pyrimidine (Pu/Py) stretches results in a depression of 
enhancement. Revertants selected for wild-type levels of expression possess 
duplications of one of these elements (Herr and Clarke, 1986). This observation 
was extended by Ondek et a! (1987, 1988) with the demonstration that short 
oligonucleotides that harbour these sequences function as well as the entire 
enhancer when present as several multimerized copies. Furthermore some of 
these tandemly repeated copies exhibited cell specific activities (Ondek et a!, 
1988). A corollary to these observations are those of Davidson et al (1986) who 
demonstrated that the pattern of DNA-nuclear binding (on band-shift assays) of 
the SV40 enhancer region changes depending on the cell type from which the 
extract was prepared. 
The consensus picture that emerges is that the SV40 enhancer is 
arranged in a modular array of transcriptional factor binding sequences. Its 
function is not dependent on all these sequences being bound but that a minimal 
number of bound transcriptional factors is sufficient for the enhancer to function. 
This complex mixture of transcription factor binding sites enables the enhancer 
to function in a broad range of cells. 
The mechanism of enhancer action simply stated is the binding of 
transcriptional activators to the enhancer and this in turn will mediate enhanced 
binding of transcription factors at the promoter of the gene, which in turn will 
form a RNA polymerase transcription complex (see Ptashne and Gann, 1990; 
Mitchell and Tijan, 1989 for reviews). 
1 1 QVAfl AMfl TTQ 	1"P 	 'T'T V UTJL'
iji .iijuLAR PHENOTYPES. 
The SV40 virus in a non permissive cell undergoes a limited 
amount of rolling circle replication and integrates into the host cellular DNA via 
illegitimate recombination. This integration is random with respect to host and 
viral DNA (discussed further in chapter 3). 
The means by which the SV40 virus can effect the cellular 
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phenotype are: 
- SV40 acts as an insertional mutagen into a functional gene 
- SV40 integrates such that its enhancer modulates aberrant gene 
expression of cellular genes 
- the large T-antigen, through transcriptional activation/repression or 
protein-protein interactions mediates changes in gene expression. 
These possibilities are not mutually exclusive. 
1.7 INITIAL AIMS OF THIS WORK. 
This project was initiated to investigate the possible role that the 
DNA virus SV40 may have on the repair phenotype of SVM. This role may be 
in creating a repair deficiency or in mediating reversion to repair proficiency. 
This latter consideration is potentially misleading in attempts at cloning the 
defective gene by complementation. The approach taken to address this problem 
was to characterize any changes in the integration site or the T-antigen of SV40, 
in SVM, and revertant cell lines. 
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CHAPTER 2. 
MATERIALS AND METHODS. 
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2.1 MATERIALS. 
2.1.1 SUPPLIERS OF LABORATORY REAGENTS. 
Restriction and other DNA/RNA modifying enzymes: 
BRL, Boehringer Mannheim, USB, New England Biolabs 
Deoxyribonucleotides and dideoxyribonucleotides: 
Sigma 
Acrylamide and N,N'-methylenebisacrylamide, TEMED, Ammonium persuiphate: 
BRL 
Agarose and low melting point agarose (Ultra Pure): 
Bacterial media reagents: 
Difco Labs. 
Standard laboratory reagents (various grades): 
BDH, Fisons, Sigma, Koch-Light, May and Baker 
Reagents for mammalian cell culture: 
Flow laboratories, Gibco, Sera-lab and Sigma. 
Radioactive nucleotides: 
Amersham International. 
2.1.2 E.CoIi GROWTH MATERIALS. 
Bacterial growth media was supplied by a central service in the Molecular 
Biology Department. Media were made to 1 litre, unless otherwise stated, 
autoclaved and stored at room temperature. 
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Luria Broth (LB) 
Luria agar (LB agar) 
lOg Bacto-Typtone (Difco) 
5g Yeast extract (Difco) 
lOg NaC1 
adjusted to pH 7.2 with NaOH 
LB with 15g agar (Difco) added 
LB top agar 	 lOg Bacto-Typtone (Difco) 
5g Yeast extract (Difco) 
5g NaCl 
7g agar (Difco) 
adjusted to pH 7.2 with NaOH 
M9 minimal agar 	 15g Bacto agar (Difco) 
100 ml M9 salts (xlO) 
20 ml 20% (w/v) glucose 
10 ml 0.1 M MgSO4 
10 ml 1 mg/ml Vit. Bi 
10 ml 0.1 M CaC12 
[xlO M9 salts for 1 litre: 60g Na2HPO4, 30g KH2PO4, 5g NaCl, lOg NH4C11 
BBL agar 	 lOg Trypticase (Baltimore Bio. Labs.) 
5g NaCl 
log Bacto agar (Difco) 
adjusted to pH 7.0 with NaOH 
BBL top agar 	 lOg Trypticase (Baltimore Bio. Labs.) 
5g NaCl 
6.5g Bacto agar (Difco) 
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BBL top agar (contd.) 	10 MM  MgSO4 
adjusted to pH 7.0 with NaOH 
Antibiotic selection was added to the media, as required, from stock solutions 
immediately before use: 
Ampicillin stock 10 mg/ml in sterile dH20 stored at 4°C. 
Kanamycin stock 10 mg/ml in sterile dH 20 stored at 4°C. 
Chloramphenicol stock 10 mg/ml in sterile dH 20 stored at 4°C. 
Ampicillin and kanamycin selection was imposed at 0.05 mg per ml of media. 
Chloramphenicol was used at 20p.g/ml. 
2.1.3 BACTERIAL STRAINS 




JM83 ara, Lilac-pro, StrA, D. Melton, Viera and 
thi, 080dlacZAM15 Edinburgh Messing (1982) 
HB101 pro, leu, thi, WY, D. Mellon, Bolivar and 
hsd20, endA, recA, Edinburgh. Backman (1979) 
rpsL20(str'), ara14, 
ut1z, Ayt-J, Intl-i, 
supE44. 
NVA 
K802 hsdR2, mcrA, N. Murray, 
mcrBl, supE44, Edinburgh 
galK2, galT22, 2, 
metBi, lac Vi 
NM646(P2) K802 (P2 cox) N. Murray, 
Edinburgh 
C600 thi-1, thr-1, leuB6, N. Murray, Young and Davis 
lacYl, Edinburgh (1983) 
tonA21, supE44, 
hsdR 
BHB2688 N205recA[Airnm43 D. Leach, Hohn and Murray 
4, clts, b2, red, Edinburgh (1977) 
Earn, Sam/A] 
BHB2690 N205recA[2imm43 D. Leach, Hohn and Murray 
4, clts, b2, red, Edinburgh (1977) 
Dam, Sam/A] 
NM522 LI (lac-proAB), tlzi, N. Murray, 
hsdzi5, SupE, [F Edinburgh 
proAB,laqZ, LI 15], 
A- 
2.1.4 Mammalian cell culture medium. 
Muntiacus muntjac cell lines were propagated in Glasgows Modified Eagles 
Medium (Flow laboratories) supplemented with 1 x non- essential amino acids, 
1mM sodium pyruvate, 2mM L-Glutamine, 50ug/ml streptomycin sulphate, 50 
U/mi Penicillin. 
2.1.5 MAMMALIAN CELL LINES. 
Cell line Source Reference 
SVM (M. muntjac R. Johnson, Pillidge et al. (1986) 
fibroblasts transformed Cambridge. 
with SV4O) 
CDM (M muntjac R. Johnson, Pillidge et al. (1986) 
immortalised fibroblasts) Cambridge. 
COS-7 (fibroblasts of D. Melton, Gluzman et al. (1981) 
African green monkey Edinburgh. 
cells transformed with an 
ori 5V40) 
RJK88 (Immortalised D. Melton, Fuscoe et al., (1983) 
Chinese hamster lung Edinburgh. 
fibroblasts) 
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2.1.6 DNA VECTORS AND CONSTRUCTS. 
Vectors Description Source Reference 
pUC8 General purpose D.Melton, Bolivar and 
high copy number Edinburgh Backman (1979) 
cloning vector with 
blue/white 
selection system. 
pSHBK1 General purpose D. Porteous, D. Porteous, 
cloning vector Edinburgh (per. comm.) 
pMK16 with x1.5 
genomes of SV40 
cloned into the 
BamHl site. 
pSV2neo pBR322 based D. Melton, Southern and 




gene from the 
SV4O early 
H promoter 
pSV3neo As pSV2neo with 







Soufnexn and Berg 
(1982) 
pMT142 Eucaryotic D. Melton R. Palmiter, 
expression vector, Edinburgh. (per. comm.) 
utilizing the 
metallothione-in 




)EMBL4 General purpose N. Murray, Firschaãf et al. 
phage ). Edinburgh. (1983) 
replacement 




2.1.7 OTHER MATERIALS 
2.1.7.1 Antibodies. 
Monoclonal antibodies, (cell culture medium in which hybridoma cells were 
propagated) recognizing the SV40 large T-antigen were kindly provided by. Dr. 
D. Lane (ICRF, London), and are catalogued in Mole et al.,(1987). 
2.1.7.2 DNA Oligonucloetides. 
DNA oligonucleotides were custom synthesized by OSWEL DNA service (Dept. 
of Chemistry, Edinburgh). 
For sequencing these were: 
5' GTG TGC TGC TAG AAG Yr 3' 
5' TGT GTC TCG AliT CCA TI' 3' 
5' CCC AGC AAC TGG GCT GCT TCC ACC 3' 
5' TCA YITC ACT CTG GGT TA 3' 
Mp18/Mp19 Universal primer was obtained from Pharmacia. 
2.1.7.3 BUFFERS. 
TE Buffer: 	 10 mM Tris-HC1 (pH 7.5), 1mM EDTA, 
autoclaved. 
lOx TBE Buffer: 	0.9M Tris-borate (pH 8.3), 20mM EDTA. 
20x SSC: 	 3M NaCl, 03M Na3citrate, adjusted to pH 7.0 with 
NaOH. 
PBS: 	 1.5 mM KH2PO4, 8mM K2P041  O.15M NaCl, pH 7.0, 
autoclaved. 
Phage buffer: 	 50mM Tris-HC1 pH 7.5, 100mM NaCl, 10mM MgS041  
2% (w/v) gelatine. 




2.2 Esherichia coil: Plasmids and bacteriophages. 
2.2.1 Growth and storage of E.coli. 
E.coli strains were propagated at 37 °C in LB or LB agar plates. E.coli strains 
harbouring a plasmid were similarly propagated with the addition of appropriate 
antibiotic selection. However E.coli strain NM522 was grown on minimal media 
to maintain selection for the F' plasmid. 
Short term storage of E.coli was on appropriate plates at 4 °C, while long term 
storage was by freezing an overnight culture of E.coli (in LB) at -70°C after the 
addition of 7% (v/v) DMSO. 
2.2.2 'Mini-preps' of piasmid DNA. 
Alkaline lysis and DNA extraction was performed using a modification of the 
method of Birnboim and Doly (1979). An overnight culture of the plasmid 
bearing E. Coli strain (propagated with appropriate antibiotic selection) was 
transferred to a 1.5 ml Eppendorf tube and the cells pelleted by centrifugation 
in a microfuge (17 000g) for 30 s at room temperature. The pellet was 
resuspended in 0.1 ml of lysis solution (50 mM Glucose, 10 mM EDTA and 25 
mM Tris-HC1 pH 8.8). Cells were incubated in this solution at room temperature 
for 10 minutes and then chilled on ice for 5 mm. Cells were lysed by addition of 
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5 mm. The suspension was neutralized by addition of 0.15 ml 3 M sodium 
acetate (pH 5.0) and incubated on ice for 30 mm. This caused a precipitation of 
proteins, chromosomal DNA and SDS. The precipitates were pelleted by 
centrifugation in a microfuge (17 000g) for 15 min and the supernatant 
transferred to a fresh tube. The centrifugation was repeated for 10 min to 
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eliminate any residual precipitate, and the supernatant transferred to a fresh 
tube. 2.5 volumes of ethanol (-20°C) was added to precipitate the nucleic acids, 
and these were pelleted, after incubation on dry ice, by centrifugation in a 
microfuge (17 000g) for 10 mm. The pellet was washed twice with 70 % ethanol, 
dried over a vacuum, and resuspended in 50 vl sterile dH20. Contaminating 
RNA in the preparation was hydrolysed in subsequent manipulations using 
RNAase. This method yielded 4-5 mg of DNA. 
2.2.3 Large scale preparation of plasmid DNA. 
A 25 ml stationary phase overnight culture of an E.coli strain harbouring the 
plasmid, grown with antibiotic selection, was used to seed 500 ml LB 
supplemented with 0.2% glucose (w/v) and antibiotic selection. Growth was at 
37°C with vigorous shaking. A Co1E1 replicon piasmid, i.e. pBR322 based, was 
amplified by addition of chloramphenicol (lSOjig/ml) when the culture was in log 
phase (OD = 0.2-0.3). No amplification was needed for a high copy number 
- plasmid i.e. pUC8. After overnight growth, the cells were harvested at 5000 rpm 
(Sorvall GSA rotor, 4000g). The resulting cell pellet was resuspended in 6 ml of 
sucrose solution (25% (w/v) sucrose, 50 mM Tris-HC1 (pH 8.1), 40 mM EDTA). 
To this solution was added 1 ml 0.5 M EDTA (pH 8.1). Cells were gently 
agitated at room temperature for 5 mm. and lysed with addition of 13 ml triton 
mix (0.1% (v/v) Triton X-100, 50 mM Tris-HC1 (pH 8.0), 62.5 mM EDTA (pH 
8.0)), and mixing for 10 minutes. The lysate was cleared by centrifugation at 18 
000 rpm (39 000g, Sorvall SS-34 rotor) for 30 minutes at 4 °C. The supernatant 
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between 1.55 and 1.59 g/mi. lOObtl of ethidium bromide (10mg/mi) was added, 
and the solution sealed into ultracentrifuge tubes. Supercoiied plasmid was 
separated from other macromolecules by isopycnic uitracentrifugation at 38 000 
rpm (Beckman Ti50 rotor, 140 000g) for 48 h at 20 °C. The DNA was visualised 
by side illumination with low intensity shortwave ultraviolet light. Two bands 
were usually visible, and the lower band was recovered by piercing the side of 
the tube with a 19-gauge needle and syringe. EtBr was removed by extraction 
with butanol, and excess CsC1 by dialysis (at 4 °C) against large volumes (2 1) of 
TE, which was changed several times. The plasmid solution was then phenol 
extracted, and residual phenol removed by extraction with an equal volume of 
butanol. Plasmid DNA was precipitated, washed and resuspended in sterile dH2O 
to yield a plasmid preparation at 1 mg/ml. This method yielded 0.5-1.0 mg of 
plasmid DNA. 
2.2.4 Plating bacterionhage ). to generate plagues. 
An appropriate E.coli strain was propagated to log phase growth (OD6.  = 0.3-0.5) 
in 50m1 LB supplemented with 20m1/1 20% (w/v) maltose. Cells were pelleted 
by centrifugation (1000g for 5 mm) and resuspended in 10mM MgSO 4 to one 
tenth the original culture volume. Cells could be stored for up to one week at 
4°C. To 0.1mI of plating cells was added the phage, as either a dilution of a 
plaque picked into phage buffer, or packaging mix, in a maximal volume of 
0.2m1. The cells were mixed and incubated at 37 °C for 5 mm, after which time 
2.5m1 molten BBL top agar (50°C) was added. The cell/phage suspension was 
poured onto dried BBL agar plates, allowed to set and incubated at 37 °C until 
plaques were clearly visible (12-16 h). 
2.2.5 Small scale )..-prenarations. 
To 50A of an overnight culture of an appropriate strain (i.e. E.coli K802 or 
NM646(P2) for EM13L4 and EM13L4 recombinants respectively) was added 500 
Of 10mM MgCl2/ 10mM CaC12 and 701 of a phage suspension (typically from a 
phage eluted into 5000 of phage buffer). The phage were absorbed onto the 
cells by incubating at 37 °C for 15 minutes. The phage/bacteria mix was used to 
inoculate 25 ml LB (supplemented with 0.2% maltose (w/v) and 10mM 
MgC12/lOmM CaC12) and allowed to grow at 37°C with vigorous shaking. Cell 
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growth was monitored and upon lysis (usually 6-8 h) a few drops of chloroform 
were added. The cell debris was pelleted by centrifugation at 10 000 rpm (Sorvall 
GSA rotor, 16 500g). The lysate (supernatant), was collected and. 15 ml was 
treated by addition of 5/.d RNAase (2mg/mi) and 5/21 DNAase (2mg/mi), with 
incubation at 37°C for 1 h. The additional 10 ml was stored with a few drops of 
chloroform at 4°C. After digestion of bacterial nucleic acids, the phage were 
pelleted by ultracentrifugation at 27 000 rpm (Beckman SW27 rotor, 90 000g) for 
1.5 h, and the pellet resuspended in 200/21 0.5 M Tris-HCI (pH 8.0). To this was 
added 200/21 of proteinase K (2mg/mi, in 0.5 M Tris-HC1 pH 8.0) and proteins 
were digested for 1 h at 37 °C. The phage particles were phenol extracted, and 
phage DNA precipitated from the aqueous phase. The DNA was washed in 70% 
ethanol, dried and resuspended in 50j.tl sterile dH 20. This method yielded 
between 50-100/2g of phage DNA. 
2.2.6 Large scale i-preparations. 
2ml of an overnight culture of an appropriate E.coli strain was added to 2m1 
1OmMMgSO4/1OmM CaCl2  and lml of phage lysate (106  pfu/ml). This mix was 
incubated at 37°C for 15 min before being used to inoculate 500m1 LB 
(supplemented with 0.2% maltose (w/v) and 1OmMMgSO4/lOmM CaCl2). Cells 
were propagated at 37°C with vigorous shaking, and monitored for lysis (usually 
after 6-8h). 5m1 of chloroform were added and the bacterial debris pelleted at 
10 000 rpm (Sorvall GSA rotor, 16 500g) for 15min and the supernatant 
decanted to a sterile 1000ml measuring cylinder. PEG 6000 was added to the 
lysate to give a 10% (w/v) solution, and the phage left to precipitate overnight 
at 4°C. The phage/PEG 6000 precipitate was collected by centrifugation at 11 
000 for 15 min at 4°C (GSA rotor, 19 700g). The supernatant was discarded and 
the pellet resuspended in phage buffer (8ml per 500m1 of original culture). NaCl 
was added to make the phage/PEG suspension 1M with respect to the salt. The 
PEG was then extracted by the addition of an equal volume of chloroform, 
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vortexing and centrifugation at 1500 rpm for 15mm (bench top centrifuge, 350g). 
The aqueous layer was transferred to a glass container and stored overnight at 
4°C. The concentrated phage solution was diluted to 22m1 by addition of an 
appropriate volume of phage buffer, and to this was added 10u1 DNAase 
(2mg/nil). Residual bacterial DNA was digested at 37 °C for 3 h and CsCI added, 
0.73g for every millilitre. The CsC1 solution was sealed into an ultracentrifuge 
tube and phage particles banded by isopynic ultracentrifugation at 38 000 rpm 
(Ti50 rotor, 140 000g) for 12-16 h. Phage particles appeared as a white band 
which was eluted from the tube using a GS-3 needle and dialysed against TE 
with frequent changes of buffer. Proteins in the dialysate were digested, by 
addition of 40 4u1 1M Tris-HC1 (pH 8.0), 25.tl 10% SDS (w/v), 10l proteinase 
K (50g/ml), for every millitre of dialysate. Protein hydrolysis was carried out 
at 37°C for lh, the sample phenol extracted, butanol extracted and DNA 
precipitated out of the aqueous solution. The resulting pellet was washed twice 
in 70% ethanol, dried and resuspended to lmg/ml in sterile dH 20. 
2.2.7 Preparation and transformation of competent cells using calcium chloride. 
This uses the method of Mandel and Higa (1970) with the modifications of 
Dagert and Ehrlich (1974). To SOml Of LB (supplemented with lml 1M MgC1 2) 
was added 2-5ml of an overnight culture of the E.coli strain to be transformed. 
Growth was allowed at 37 °C with vigorous shaking to an OD = 0.2, the cells 
chilled on ice for 5 mm, and pelleted by centrifugation at 1500 rpm (400g) at 4 °C 
for 15 mm. The cell pellet was resuspended in 20 ml ice-cold transformation 
buffer (50mM CaCI, 10mM Tris-HCI, pH 7.5), and exposed to this buffer for 30 
min on ice. The cells were repelleted by centrifugation for 15 min at 1500 rpm 
(400g) at 4°C, and resuspended in 2ml ice-cold transformation buffer. Typically 
the cells were left overnight (12-16 h) on ice (or at minimum for 2 h) before use. 
Cells were transformed by adding lOng of DNA (typically a ligation mix), in a 
volume of 5-101, to lOOitl of competent cells, mixing and holding on ice for 30 
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mm. Cells were heat shocked for 5 min at 37 °C, 2m1 warm LB (at 37°C) added, 
and incubated for 1 h to allow for expression of genes coded by the transformed 
plasmid DNA (i.e. antibiotic resistance). Cells were pelleted by centrifugation 
(1500rpm, 400g) at 4°C and resuspended in 250l of LB. 50u1 aliquots were then 
plated to dryness on LB agar, with appropriate antibiotic selection and X-
Gal/IPTG if needed. The X-Gal/IPTG allowed recombinants to be identified; 
recombinant colonies appearing blue while non-recombinant colonies appeared 
white. This selection is only suitable for some vectors i.e. pUC8. Cells were left 
overnight at 37 °C for growth. 
2.2.8 Modification for transformation of bacteriophage m13 derived vectors. 
The same procedure as outlined in 2.7 was used to the point of heat shocking 
the cells. To 50jtl shocked cells were added 200j4 of log phase cells (i.e. which 
are not competent) with 30ul X-Gal (5-bromo-4-chloro-3-indolyl-3-galactoside, 
2% (w/v) in dimethylformamide) and 201.tl IPTG (isopropyl-f-D thio-
galactopyranoside, 100mM). The cells were then suspended in 3ml molten BBL 
top agar and poured on LB agar plates. When set the plates were incubated for 
12-16 h (overnight) at 37 °C. 
2.2.9 Preparation of single stranded templates. 
50m1 of LB was inoculated with lml of an overnight culture of E.coli NM522. 
1.5m1 was then aliquoted into sterile tubes and a plug of a plaque was added. 
The bacteria/phage were propagated for 5 h at 37 °C with shaking. After this 
time, the suspension was transferred to a 1.5m1 Eppendorf tube and the bacteria 
pelleted by centrifugation in a microfuge (17000g) for 5 mm. The phage 
containing supernatant was aliquoted to a fresh tube and the centrifugation 
repeated, and the supernatant decanted to a new tube. 200ul of a PEG/NaC! 
solution (30% PEG 6000 (w/v), 1.5M NaCL) was added, mixed, and the tube left 
to stand at room temperature for 15 mm. The PEG/phage precipitate was 
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pelleted by centrifugation in a microfuge (17 000g) for 5 mm, and the 
supernatant discarded. The centrifugation was repeated for a further 2 min and 
any residual supernatant removed with a pasteur pipette. At this stage a white 
pellet was visible. This pellet was suspended in 100.tl TE and phenol extracted 
twice. The DNA was precipitated from aqueous solution, washed twice with 70% 
ethanol, dried, resuspended in 10 4u1 TE buffer and stored at -20 °C. 
2.2.10 Preparation of packaging extracts for in vitro packaging of A. 
Packaging extracts were made using the method of Hohn and Murray (1977) and 
incorporating the modifications of Scalenghe et a! (1981). The packaging extracts 
consisted of two components, a freeze thaw lysate, and a sonicated extract. 
Freeze thaw lysate was prepared by inoculating a lOmi overnight of BHB2688 
into each of 3 x 500ml LB in 2 litre flasks, and the cells propagated to an OD6.  
of 0.3 at 30°C with vigorous shaking (approximately 2 h). The cells were then 
induced by standing the flasks in a 45°C waterbath for 15 mm, followed by 
further propagation at 37 °C for 2 h with vigorous shaking. The cells were then 
pelleted by centrifugation at 7500 rpm (Sorvall GSA 1200g) for 10 min at 4 °C, 
and the supernatant dfscarded. Residual supernatant was removed with a pasteur 
pipette. The cell pellet was resuspended in 3m1 of ice-cold FTB (10% sucrose 
(w/v) in 50mM Tris-HCI (pH 7.5)), and the cell suspension transferred to a lOml 
Oak Ridge tube and 150ul of a lysozyme solution added (2mg/ml in 250mM 
Tris-HCI,pH 7.5). The cell suspension was mixed gently by inversion, and quick 
frozen by immersing the tube in liquid nitrogen. The lysate was allowed to thaw 
at room temperature and transferred immediately to ice on thawing. 150 il of 
buffer Ml was added and mixed into the lysate (buffer Ml consisted of 6u1 
500mM Tris-HC1 pH 7.5, 300 /21 500mM spermidine/lOOmM putr escine pH 7.0, 
9.il 1M MgC12, 75.tl 10mM ATP and 1/21 14M 3-mercaptoethannol). Cell proteins 
were partially purified by ultracentrifugation of the lysate at 40 000rpm 
(Beckman Ti50, 120 000g) for lb at 4 °C. The supernatant was recovered and 
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30b'l aliquots dispensed into pre-cooled Eppendorf tubes. The aliquots were snap 
frozen by immersing the tube into liquid nitrogen and stored at -70 °C. 
Sonicated extract was prepared by inoculating a lOml overnight culture of 
BHB2690 into each of 3 x 500ml LB, and the cells were propagated, induced and 
pelleted as outlined for the freeze thaw lysate. After centrifugation the 
supernatant was discarded and the pellet suspended in 5.6m1 of buffer A (20mM 
Tris-HC1 pH 8.0, 3mM MgC1 21  0.5% 3-mercaptoethanol (v/v) and 1mM EDTA). 
The cell suspension was sonicated in short 3 second bursts with intermittent 60 
second cooling on ice to prevent the sonicate rising above 4 °C. Sonication was 
continued until the solution was clear, and the cell debris from the lysate was 
pelleted by centrifugation at 10 000 rpm (SS34 rotor, 12000g) for 10 min at 4 °C. 
The supernatant was recovered and 1/6 volumes of buffer Ml (see freeze thaw 
lysate method) added to it. 50il aliquots were then dispensed into prechilled 
Eppendorf tubes, the samples snap frozen in liquid nitrogen, and stored at -70 °C. 
A typical packaging reaction consisted of: 
7ul Buffer A 
1-5ul DNA (usually a ligation mix) 
Buffer Ml 
104u1 sonicated extract 
12l Freeze thaw lysate 
The optimal amounts of sonicated extract and freeze thaw extract used was 
determined empirically, and this ratio yielded approximately 108  plaque forming 
units per jig of ) DNA. 
2.3 MAMMALIAN CELL NUCLEIC ACID PREPARATIONS. 
2.3.1 Preparation of genomic DNA from mammalian cultured cells. 
The method of DNA extraction is basically that of Pellicer et al (1978). Tissue 
culture cells were harvested by scraping with a plastic policeman, and collected 
in lOnil PBS. Typically four 64 cm2 dishes were used, yielding some 107108  cells, 
depending on the cell line. The cells were pelleted by centrifugation at 1300rpm 
(bench top centrifuge, 304g) and the supernatant discarded. The cells were rinsed 
three times in PBS by pelleting and resuspension in lOmi PBS. After the washes 
the cells were gently pelleted in lOmi liypotonic solution (10mM Tris-HC1 pH 
8.0, 10mM NaCI and 3mM MgC12). The expanded cells were pelleted by 
centrifugation at 1300 rpm (304g) and resuspended in lOml hypotonic solution 
with Triton-X100 (0.2% (v/v) Triton-X100). This causes cell lysis, and the intact 
nuclei are pelleted by centrifugation at 1300rpm (304g). The nuclei were 
resuspended in 7.6ml of 10mM Tris-HC1 pH 8.0, 400mM NaCl, 10mM EDTA. 
Additionally 0.4m1 10% SDS was added to the lysate with 100il proteinase K 
(30mg/mi). This mixture was incubated at 37 °C overnight, and RNA degraded 
by addition of 200ul of RNAase (10mg/mi) with further incubation at 37 °C for 
1 h. Residual proteins and RNAase were then hydrolysed by addition of 100 j.tl 
Proteinase K (30mg/ml) with further incubation at 37 °C for lh. The solution was 
then phenol extracted twice by addition of an equal volume of PCA (25 parts 
redistilled phenol: 24 parts chloroform: 1 part isoamylalcohol) and mixed by 
gentle inversion for 15 minutes. The organic and aqueous phases were separated 
by centrifugation at 3600rpm (2300g). The aqueous layer was then extracted with 
an equal volume of chloroform:isoamylalcohol (24:1 (v/v)). DNA was 
precipitated by addition of 0.25 volumes of 5M NaCl and 2 volumes of cold 
100% ethanol. Mixing was by gentle inversion, and the DNA was seen to 
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precipitate out of solution as a white globular mass. This was recovered by 
spooling onto a sealed pasteur pipette and rinsed by immersing into cold 70% 
ethanol. The DNA was air dried for 10-20 minutes, dissolved into 1 ml of sterile 
dH20, and stored at 4°C. This method typically yielded 1-2mg of high molecular 
size DNA. 
2.3.2 Preparation of RNA from mammalian cells. 
RNA was prepared using modifications of methods described by Strohman et al 
(1977) and MacDonald et a! (1987). Tissue culture cells were harvested by 
scraping with a plastic policeman, and collected into lOmI PBS. Typically four 64 
cm2 dishes were used, yielding some 107108  cells, depending on the cell line. The 
cells were pelleted by centrifugation at 1300 rpm (bench top centrifuge, 304g), 
and the supernatant discarded. The cells were washed three times in PBS by 
pelleting and resuspension in 10 ml PBS. After the final wash the cells were 
resuspended in 8 ml of a guanidine hydrochloride solution (6M guanidine 
hydrochloride, 10mM DTT, 25mM EDTA (pH 7.0)). The cell suspension was 
transferred to a glass homogenizer and the cells macerated with 30 strokes of the 
homogenizer, and the homogenate transferred to a centrifuge tube. The 
homogenizer was rinsed out, and residual homogenate recovered, with 2 ml of 
the guanidine hydrochloride solution. 1/30 volume of 3M potassium acetate (pH 
5.0) and 1/2 the volume of 100% ethanol were added to the homogenate, mixed 
and the solution left at -20°C for a minimum of 4 h, to precipitate RNA. The 
RNA was pelleted by centrifugation at 12 000rpm (RC5B rotor, 17 300g) for 20 
minutes at 4°C. The supernatant was discarded and the pellet resuspended in 5 
ml of the guanidine hydrochloride solution. The RNA was re-precipitated by 
addition of 1/30 volume of 3M potassium acetate and 1/2 volumes of 100% 
ethanol. The mixture was incubated at -20 °C for a minimum of 4h, and the RNA 
repelleted by centrifugation at 12 000rpm (17 300g) for 20 minutes at 4 °C. The 
pellet was resuspended and repelleted again as above. The resulting compact, 
white pellet was suspended in 3 ml of a 0.1M Tris-HC1 (pH 8.9), 0.1M NaCl, 
1mM EDTA and 1% SDS solution. To this was added an equal volume of PCA 
(phenol:chloroform:isoamylalcohol in a 25:24:1 ratio) and the sample phenol 
extracted by vigorous shaking for 10 min and centrifugation at 3600 rpm (bench 
top centrifuge, 2300g) for 10 minutes. The aqueous layer was removed and RNA 
precipitated from it by addition of 115 volume of 3M sodium acetate (pH 5.0) 
and 2 volumes of 100% ethanol. This mixture was left at -20 °C for 4h. the RNA 
was pelleted by centrifugation at 15 000rpm (RC5B SS34 rotor, 27000g) for 25 
minutes, and washed twice with 70% ethanol. The pellet was suspended in 0.5ml 
sterile dH20, and precipitated by addition of 1/10 volume 3M sodium acetate 
(pH 5.0), 2 volumes 100% ethanol, and incubation at -70 °C for 15 mm. RNA was 
pelleted by centrifugation in a microfuge, washed twice with 70% ethanol, dried 
and resuspended in 50-100ul of sterile MO. This method yielded 50-200 jug of 
RNA, depending on the cell line used. 
2.4 ENZYMATIC MANIPULATION OF DNA AND RNA. 
2.4.1 Digestion of DNA with restriction endonucleases. 
DNA was incubated with an appropriate amount of enzyme in a buffer, and at 
the temperature recommended by the manufacturer. Typically the React Tm buffer 
system of BRL was used. 
2.4.2 Digestion of DNA with multiple restriction endonucleases. 
If DNA was to be hydrolysed with different restriction enzymes that had common 
buffer and temperature requirements, two or more enzymes were added to the 
same reaction mix. If the reaction conditions were too dissimilar for temperature 
requirements the reactions were performed sequentially. If the optimal digestion 
conditions varied for buffers, the DNA was digested with enzyme(s) at the lower 
NaCl concentration, the enzyme reaction stopped by heat denaturation or phenol 
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extraction, and the buffer concentration altered by addition of sufficient 1M NaCl 
so that the final concentration was appropriate for digestion by the next enzyme. 
2.4.3 Partial digestion of DNA with restriction endonucleases. 
lOOj.tl of a reaction mixture, with DNA in appropriate buffer was divided into 5 
tubes, one containing 30u1, 3 containing 20ul and the fifth containing 10ul. The 
tubes were incubated on ice. Restriction endonuclease was added to the 30ul 
aliquot (3-10U/g DNA), mixed, and 10u1 serially passed through the tubes with 
20 4 1 aliquots, and finally into the 101L1 aliquot. Finally, all reaction tubes 
contained 20j1. These tubes were incubated for 15 min at the optimal 
temperature for the restriction enzyme and the reaction stopped by addition of 
electrophoresis sample buffer (0.2M EDTA pH 7.0, 30% (w/v) Ficoll type 400, 
0.1% (w/v) bromophenol blue). The aliquots were pooled and size fractionated 
by electrophoresis. 
2.4.4 Ligation of DNA. 
Ligations were performed with T4 DNA ligase in 5-20u1 volumes. Typically a 
101.1 ligation mix contained appropriate DNA, 2U T4 DNA ligase (BRL) and 2u1 
x5 T4 DNA ligase buffer (BRL). The reaction was incubated overnight (12-16 h) 
at 14°C. 
2.4.5 Repairing 5' overhanging ends to generate blunt ends. 
Overhanging ends, generated by restriction endonuclease were converted to blunt 
ends by 'filling-in' with the Kienow fragment of E.coli DNA polymerase 1. 
Typically a reaction consisted of 42/21 of DNA, 51i1 of xlO Nick translation buffer 
(50mM Tris-HC1 (pH 7.5), 100mM MgCl, 500/2g/ml BSA), 2/21 2mM dNTP's and 
1u1 Kienow (6U//21). The reaction mix was incubated for 1 h at room 
temperature and the reaction stopped by phenol reaction. 
2.5 GENERAL MANIPULATIONS OF NUCLEIC ACIDS. 
2.5.1 Size fractionation of DNA by agarose gel electrophoresis. 
Agarose gel electrophoresis was used for both analytical and preparative 
separation of DNA fragments. An appropriate amount of electrophoresis-grade 
agarose (BRL) was suspended in lx TBE (89mM Tris-HC1, 89mM boric acid, 
20mM EDTA pH 8.3) and dissolved by heating. Typically gels contained 0.8%-
1.5% (w/v) agarose. To this mixture was added 0.5,ug/ml ethidium bromide, the 
gel cast and the samples were loaded on setting. Samples were mixed with 0.2x 
volume of sample buffer (100mM EDTA, 0.1% bromophenol blue, 20% Ficoll), 
heated at 65°C for 5' min and loaded. A potential difference was applied across 
the gel, typically 1-10 V/cm, to separate DNA fragments. A well was loaded with 
bacteriophage A DNA restricted with the endonuclease HindIII and (1X174 
restricted with the endonuclease HaeIII, to generate fragments of known size, 
and hence molecular size markers. DNA was visualized by illuminating the gel 
with shortwave UV, and photographed. 
2.5.2 Isolation and purification of DNA fragments from agarose gels. 
The desired fragment was size fractionated in low melting point electrophoresis 
grade agarose, excised, and suspended in an equal volume (to the agarose slice) 
of lx TBE, 0.2M NaCl. The agarose was melted at 65°C, and this agarose 
suspension was extracted twice with redistilled phenol, equilibrated with lx TBE, 
0.1M NaCl. The aqueous layer was extracted with butanol, and the DNA 
precipitated, washed twice with 70% ethanol, dried and resuspended in sterile 
dH2O. 
2.5.3 Ethanol precipitation of DNA. 
DNA was routinely precipitated out of solution by addition of 1/10 volume of 
95 
3M sodium acetate (pH 5.0), 2 volumes of 100% ethanol and pelleted by 
centrifugation in a microfuge (7000g). The pellet was then washed twice with 
70% ethanol, dried under vacuum and resuspended in an appropriate amount of 
sterile dH20. 
2.5.4 Phenol extraction of nucleic acid. 
An equal volume of redistilled buffered phenol (in TBE or STE) was added to 
the DNA solution to be extracted, mixed by vigorous vortexing, and the organic 
and aqueous phases separated by centrifugation in a microfuge (7000g). The top 
aqueous layer was again extracted with an equal volume of phenol and finally 
extracted with an equal volume of butanol to remove residual phenol. The 
organic and aqueous layers were separated by centrifugation in a microcentrifuge 
for 5 min and the nucleic acid precipitated from the upper aqueous layer. 
2.5.5 Concentration of DNA using butanol. 
Large aqueous solutions of DNA were reduced to manageable volumes by 
addition of 2 volumes of butan-1-ol, mixing and separation of the aqueous and 
organic layer by centrifugation (7000g). The bottom aqueous layer was reduced 
in volume by one half. 
2.5.6 Radiolabelling of DNA by oligonucleotide-primed synthesis. 
The method of Feinberg and Vogelstein (1983, 1984) was used to produce 
uniformly radioactive DNA of high specific activity to act as probes. 
Approximately 1-2kg of the linearized DNA of interest in a volume of 32/0, 
typically purified from a low melting point gel, was heated for 5 min in a boiling 
water bath, and cooled by incubating in a water bath at 37 °C, and the reaction 
mix made by addition, in the following order of: 
10 4u1 OLB, 2ul BSA (lOmg/ml), 5ul (50blCi) a-32P-dCTP (3000Ci/mmol, 
Amersham International), and ljd of E.coli polymerase 1 Klenow fragment 
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(6U11Ll). The reaction was incubated at room temperature for 4 h and the 
reaction efficiency monitored by trichioroacetic acid (TCA) precipitation of DNA 
from 1/21 of the mix. The efficiency was obtained as a ratio of the total counts 
in 11 to the TCA precipitable counts. The labelled DNA was separated from 
unincorporated radioactive precursors by passing the mix through a column of 
Sephadex G-50-80 (Sigma), as outlined by Maniatis et a! (1982). The separated 
probe was boiled for 10 min before being used. 
OLB buffer consisted of 50/21 solution A (1.25M Tris-HCI pH 8.0, 0.125M MgC1 21  
25mM 13-mercaptoethanol, 0.5mM each of dTTP, dGTP, dATP), 125u1 of 
solution B (2M HEPES (4-(2-hydroxyethyl)-1-piperazine-ethanesulphonic acid), 
adjusted to pH 6.0 with 5M NaOH) and 75i.i.l solution C (random 
hexanucleotides OD 2 = 90, Pharmacia). 
2.5.7 Preparation of single strand specific probes. 
The universal primer of M13, complementary to the region 5' of the polylinker 
of mpl8/mpl9 (Messing, 1983), initiated DNA synthesis of the complementary 
strand of mp18 or mp19 across an appropriate insert. Hence a (-) strand was 
synthesized from an mpl8/mpl9 template. The primer (Pharmacia) was annealed 
to 10111 of a template preparation of mp18 or mp19 with an appropriate insert, 
by adding 3p.l primer (5.5 ng/p.l), 2p.l TM (100mM Tris-HC1 pH 8.5, 50mM 
MgC12) and 5[L 1 sterile dH20. This was held at 80°C for 15 min and cooled to 
room temperature. DNA synthesis was initiated by addition of 20p.l dNTPs 
(0.125mM each of dTTP, dATP, dGTP), 5p.l (50 p.Ci) a-32P-dCTP (3000 
Ci/mmol, Amersham International) and 2p.1 Kienow fragment of E.coli DNA 
polymerase I (6U/p.l). The reaction was incubated at room temperature for 30 
mm, and 10p.l of a chase solution (0.25mM of each dNTP) added, and the 
reaction allowed to continue for a further 30 min at room temperature. After this 
time the reaction was stopped by extracting with an equal volume of 
phenol/STh, and the aqueous layer was separated by centrifugation in a 
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microcentrifuge and extracted with an equal volume of butanol. The aqueous 
layer was recovered, and the DNA precipitated, washed with 70% ethanol, dried 
and resuspended in 32p1 MO. 
This DNA was added then restricted with appropriate restriction endonucleases 
to excise the insert from the vector (in the case of this work 2p.l of xlO React 3, 
2 iL 1  xlO React 2 along with 2il EcoRI (10U/l) and 2p.l HindIII (10U/pi) were 
added). This DNA was incubated with these restriction endonuclease for 3h at ( 
37°C. After this time 8u1 of sample buffer was added to the reaction, and the / 
mix loaded onto a 1% low melting point agarose gel. The fragment created by 
this synthesis were size fractionated by electrophoresis and the desired fragment 
(at óOObp for this work) was extracted from the gel. This was then utilized as a 
probe in Northern analysis. 
2.6 IDENTIFICATION OF NUCLEIC ACID SEQUENCES BY BLOTTING AND 
HYBRIDIZATION. 
2.6.1 Identification of recombinant plasmids by colony hybridization. 
This procedure uses the denaturing/fixing procedure of Buluwela et a! (1989) and 
the hybridization conditions of Church and Gilbert (1984). Colonies harbouring 
putative plasmids were replica plated by spotting onto two LB plates (which had 
appropriate selection added), and the colonies propagated overnight at 37 °C. 
Colonies were lifted, from one plate onto Hybond-N (Amersham International) 
nylon filters by placing dry filters onto plates to contact colonies, and peeling off 
the filter. The filters were laid, colonies face-up, onto Whatman No. 1 paper 
soaked in 2x SSC/5% SDS (w/v) for 5 mm. The filter was then transferred to 
a microwave oven and irradiated for 2.5 min at full setting (650 watts), lysing the 
cells, and immobilizing DNA to the filters. The filter was prehybridized in 7% 
SDS (w/v) in 0.5M NaHPO 4 (pH 7.2), 1mM EDTA, at 65°C for 1 h and the 
radioactive probe added to this prehybridization mix. The probe was left to 
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hybridize at 65°C for 3 h, the filter recovered and washed 0 in 0. lx SSC at 65°C 
for 10 mm. The filters were sealed wet in plastic and autoradiographed. 
2.6.2 Analysis of DNA sequences by blotting and hybridization. 
1-10/.tg of the desired DNA sequence was hydrolysed to completion with an 
appropriate restriction enzyme. Genomic DNA was digested in a final volume 
of 1004u1. The DNA was size fractionated on an agarose gel (0.5-2% agarose 
(w/v), depending on the fragment sizes to be discriminated). Typically genomic 
DNA was separated on a 0.8% agarose gel (containing EtBr) with a potential 
difference of 7V/cm. After electrophoresis, surplus gel was Cut and discarded, 
and the remainder photographed. The gel was soaked in denaturing solution 
(0.5M NaOH, 1.5M NaCl) for 0.5 h with gentle shaking. The DNA was then 
transferred to a nylon membrane (GeneScreen Plus, Dupont), using capillary 
action, essentially according to the method of Southern (1975), except denaturing 
solution was used as the transfer buffer (Reed and Mann, 1985). The filter was 
recovered and neutralized by immersion in 0.5M Tris-HC1, IOM NaCl (pH 7.0) 
for 30 mm, with gentle shaking and air dried. The filter was stored at room 
temperature until used. 
Prehybridization. 
The membrane was sealed in plastic and prehybidized in 30-50 ml with a solution 
of 6x SSC, 1% SDS, 10% dextran sulphate and 100.ig/ml sonicated herring 
sperm DNA for 2-4 h at 65 °C. To this was added denatured radiolabelled probe 
(approx. 106  cpm/ml of buffer) with sonicated herring sperm DNA to bring the 
final concentration to 250g/ml. The probe was hybridized for 12-16 h at 65 °C. 
The filter was retrieved and washed as follows: 
twice for 5 min in 2x SSC at room temperature 
twice for 	30 min in 2x SSC, 1% SDS at 65 °C 
twice for 30 min in 0.lx SSC at room temperature 
The filter was sealed wet in a plastic bag and autoradiographed onto pre-flashed 
film. 
For heterologous probing, the hybridization was at 50°C, and then washed at 
various temperatures. Initially the wash was with 2x SSC, 1% SDS at 50°C, the 
filter sealed in plastic and autoradiographed. The filter was then washed at 55°C, 
60°C, and 65°C in 2x SSC, 1% SDS with autoradiography between each wash. 
2.6.3 Rehybridization of a membrane for DNA analysis. 
A probe, hybridized to its immobilized complementary sequence, was removed 
by boiling the membrane for 20-30 min in a solution of 0.1x SSC, 1% SDS. The 
filter was sealed in plastic and autoradiographed to ensure all radiolabelled 
probe was removed. New probes were hybridized as above. 
2.6.4 Analysis of RNA sequences by blotting and hybridization. 
To 20p.l of total RNA (1 jig/ ii1) was added an equal volume of formamide sample 
buffer (47mM MOPS, 12mM NaAcetate pH 7.0, 2.3x MOPS, 50% deionized 
foramide, 11% formaldehyde), and 1/4 volume of loading buffer (0.2M EDTA 
pH 7.0, 30% (w/v) Ficoll type 400, 0.1% (w/v) bromophenol blue). The sample 
was heated for 5 min at 60°C and snap cooled on ice. The RNA was size 
fractionated by electrophoresis in a formaldehyde gel (1.4% agarose (w/v), lx 
MOPS, 0.66M formaldehyde, 0.5ug/m1 ethidium bromide) for 5 h with a 
potential difference of 17 V/cm. The gel was photographed (with short wave UV 
illumination to visualize the EtBr celated RNA), and then soaked for two 20 mm 
periods in lOx SSC, at room temperature with shaking. The RNA was transferred 
to a nylon membrane (GeneScreen Plus, Dupont), using capillary action, 
essentially according to the method of Southern (1975), except lOx SSC was used 
as the transfer buffer. The membrane was retrieved and rinsed with 2x SSC, and 
the formaldehyde reaction reversed by baking at 80 °C for 2h. The 
prehybridization and hybridization were as for Southern blot analysis, except at 
60°C. Similarly the wash procedure was duplicated, except the temperature was 
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lowered to 60°C. The filter was sealed wet and auto radiographed. 
Rehybridization. 
DNA probes hybridized to their immobilized comp1mentary sequence were 
removed by incubating the filter with a boiling solution of 0.O1x SSC, 0.01% SDS 
with 2-3 changes of solution. 
2.7 MISCELLANEOUS METHODS. 
2.7.1 Antoradiography. 
Autoradiography was used to visualize and quantitate, on film, radioactive 
molecules hybridized to filters. Typically films (DuPont Cronex) were placed onto 
the filters and incubated at -70 °C to slow the reversal of activated bromide 
crystals to their stable form. Films were also hypersensitized by exposure to a 
flash of light ( lmsec)provided by a photographic flash unit as recommended 
by Laskey and Mills (1975). Intensifying screens were used to enhance the film 
image. Film development was automated with a 'X-OGRAPH Xl' automatic X-
ray developer, and used according to the manufacturers recommendations. 
2.7.2 Densitometric analysis. 
Film images, after radiography, were quantitated by densitometric analysis with 
a Shimadzu dual wavelength thin-layer chromato scanner, model CS-930, 
according to the manufactures recommendations. 
Linearity of signals was confirmed using autoradiographs exposed to the same 
source for varying lengths of time, and films were pre-flashed. 
2.7.3 Construction and screening of a recombinant DNA library. 
5j.tg of EMBL4 DNA (see Frischauf A-M et a!, 1983) was digested to completion 
101 
with a 2-fold excess of EcoRI, and an aliquot analysed on a minigel apparatus 
(BRL) to check for digestion. Similarly, 10g of high molecular weight genomic 
DNA was digested with EcoRI to completion. The separate endonuclease 
reactions were heat inactivated by holding at 65°C for 5 mm, mixed, and ligated 
by addition of ligase buffer and ligase, in a total volume of 20 4ul. An aliquot (1ul) 
was plated out at various dilutions on E.coli strains K802 and NM646(P2) to 
determine the percentage of recombinant bacteriophage. The majority of the 
ligation mix was packaged in vitro (see section 2.2.10) and• plated out on 
NM646(P2) which imposes genetic selection for recombinants. 
Screening the library. 
Plaques were 'lifted' onto nitrocellulose filters by placing discs of nitrocellulose 
(Schleicher and Schuell, 0.45um) on top of the agar surface, and incubating 
plates at 4°C for 10 mm. The orientation of the filters relative to the plate was 
marked by stabbing a 20-G needle through the filter into the agar at several 
asymmetric points. The filter was retrieved, spotted at a point with DNA 
homologous to the probe, and air dried for 10 mm. The plates were stored at 
4°C. The phage particles were denatured by placing the filter, phage side up, 
onto Whatman No 1 paper soaked in a solution of 0.5M NaOH, 1.5M NaCl for 
5 mm. The filters were air dried and baked for 2 h at 80 °C, under vacuum. 
Filters were sealed in a plastic bag and pre-hybridized in a 50m1 solution of 1% 
(w/v) crystalline BSA (fraction V), 1mM EDTA, 0.5M NaHPO 4 pH 7.2 and 7% 
SDS, for 2 h. A DNA fragment, twice gel purified, was labelled with 32-P dCTP 
as in section 2.5.6, and added to the bag. The probe was hybridized overnight 
(12-16 h) at 65°C. The filters were retrieved from the bag and rinsed twice with 
a low stringency wash buffer (1mM Na,EDTA, 40mM NaHP041  pH 7.2, 5% 
SDS) at room temperature, and then washed at 65°C with a high stringency 
buffer (1mM Na2EDTA, 40mM NaHP0 41  pH 7.2, 1% SDS) with three quick 
washes (5 mm) and a final wash for 15 mm. Filters were sealed wet in a bag and 
auto rad iogrphed. A positive signal was visualized after overnight exposure, and 
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the corresponding plaque picked by plugging into a pasteur pipette, and expelling 
into imi phage buffer. Serial dilutions of the suspended plaque were plated out 
on NM646(P2) and the plaques probed again. This procedure was repeated until 
a pure plaque was obtained i,e, all plaques hybridized the radioactive probe. 
2.7.4 DNA sequencing using the dideoxv method. 
Sequencing of DNA was carried out essentially as outlined for Sequenase tm 
version 2.0, a dideoxy termination method using a modified 17 DNA polymerase. 
Sequencing reagents: 
x5 sequencing buffer 200mM Tris-HC1 pH 7.5, 100mM 
MgC12 , 250mM NaCl. 
Dithiothreitol (DTT) 0.1 M 
labelling mix (x5) 7.5GM dGTP, 75 4 tM dCTP, 75/LM 
dTTP. 
Termination mixes Each mixture contained 80GM 
dGTP,80M dATP,80jiM dCTP,80uM 
dTTP and 50mM NaCl. 
In addition, the 'G' mix contained 8M 
dideoxy-dGTP, 
the 'A' mix 8 AUM ddATP 
the 'T mix 8uM ddTTP 
the 'C' mix 8/2M ddCTP 
Stop solution 95% Formamide, 20mM EDTA, 0.1% 
(w/v) bromophenol blue, 0.1% (w/v) 
Xylene Cyanol FF. 
labelled ATP [a-35S]dATP 1000 Ci/mmol. 
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Sequenase (USB) 	 13U/itl 
Primer (Universal) 	 (2ng//2l) 
5'GTAAAACGACGGCCAGT 3' 
M13 universal primer was annealed to an Mp18/19 template with an appropriate 
insert in a mix consisting of: 
Primer 	 1/21 
x5 sequencing buffer 	 210 
Template 	 71.L1 
The mix was held at 65°C for 5 min and cooled slowly to room temperature. The 
annealed primer was then extended with Sequenase (17 DNA polymerase) and 
a nucleotide mixture, in a reaction consisting of: 
Template-primer 	10/21 
D1T (0.1M) 	 1/21 
xl labelling mix 	2/21 
[a-35S] dATP 	 1/21 
diluted Sequenase 	2/21 
(1:8 with cold TB) 
This reaction was incubated at room temperature for 5-10 mm, 3.5/21 aliquots 
dispensed to each of four Eppendorf tubes, and 2.5/21 termination mix (G,C,A or 
T) added to a tube. The extension and termination reaction was carried out at 
37°C for 5-30 min and stopped by addition of 4/21 stop solution. The nested set 
of extension products were separated on a 8% denaturing polyacrylamide gel, 
made by mixing; 
urea 	 25g 
dH2O 	 17m1 
x1OTBE 	 5m1 
50% acrylamide/bis solution 	8m1 
(23.75g acrylaniide, 1.25g 
bis-acrylamide in 50m1) 
The solution was degassed for 15 min and 320l 10% ammonium persuiphate 
added, with 15bl  TEMED. Gel was poured immediately and a shark-tooth comb 
inserted. DNA extension products were size fractionated by heating the samples 
for 2 min at 80°C and 441 per track loaded of the G, A, T, and C termination 
products. The running buffer was xl TBE, and gels typically had a potential 
difference of 40V/cm applied across them. Gels were run for 2 h (until the 
bromophenol blue dye front) ran off, and the gel was loaded again and run for 
a further 2h (until the xylene cyanol dye front was at the bottom of the gel). 
After this time, the gel was retrieved and fixed by soaking in 5% (v/v) methanol, 
5% (v/v) glacial acetic acid for 15 mm, dried under vacuum at -80 °C for 30 mm, 
and autoradiographed. 
2.7.5 Western blot analysis. 
Western blot analysis consisted of making a cell extract, separating the proteins 
by electrophoresis, immobilizing the proteins onto nitrocellulose filters, and 
detection of a specific protein using antibodies. The method is a modification of 
the procedures described by Towbin et a! (1979) and Burnette et al (1981). 
Cell extracts. 
A small 25 cm2 flask of cultured mammalian cells, in log phase growth, was 
tiypsinized, the cells resuspended in 5m1 of cell culture media and pelleted by 
centrifugation at 1300rpm (304g). The cells were resuspended in lOmi PBS and 
repelleted. This procedure was repeated twice,thus washing the cells thoroughly 
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with PBS. Finally the cells were resuspended in 4m1 PBS and 0.5m1 used to 
determine the cell number. Appropriate volumes were aliquoted into Eppendorfs, 
to give 3x105 cells. This defined number of cells was pelleted by centrifugation 
in a microfuge (7000g), resuspended in 50ul of sample buffer (6.5% SDS (w/v), 
5.4% glycerol (v/v), 60mM Tris-HC1 pH 6.8. 1.5M 3-mercaptoethanol), vortexed, 
heated in a boiling water bath for 10 mm, and stored at -70 °C. 
Separation of proteins by polyacrvlamide gel electrophoresis: 
This uses the method of Laemmli (1970). Proteins were separated on a 7.7% 
(w/v) polyacrylamide gel which was prepared from a stock solution of 30% 
acrylamide, 0.8% bis-acrylamide. The constituents were: 
30% acrylamide, 0.8% bis-acrylamide 	lOmi 
distilled H20 	 18.9m1 
x4 separating buffer (1.5M Tris-HCI pH 8.8) 	lOmi 
10% SDS 	 0.4ml 
10% glycerol (v/v) 	 0.4ml 
This mixture was degassed, for 5 minutes, and 0.3m1 10% ammonium persuiphate 
(w/v) and 1041 TEMED were added. This mix was poured immediately 
between two glass plates, leaving 3cm from the top for a stacking gel. The 
separating gel was covered with a layer (1cm thick) of water saturated butanol, 
and the gel left to polymerize at room temperature for 1-1.5 h. A 5% (w/v) 
stacking gel solution was prepared consisting of: 
30% acrylamide:0.8% bis-acrylamide 3.8ml 
distilled H20 11.8m1 
,A 	 f1 	 1' 	TTP'l 	TT , 
UULL1 	J.JkV1 	-r- pr-i o.o) - 
10% SDS 0.2ml 
10% glycerol 0.lml 
TEMED 154 
The butanol layer was poured off the separating gel, and the top rinsed with a 
little of the stacking gel solution. To the bulk of the solution was added 12541 
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of 10% (w/v) ammonium persuiphate, and this mix was immediately poured onto 
the separating gel, to the top of the glass plate sandwich. A comb was inserted 
into the layer of stacking gel solution, and the gel allowed to polymerize at room 
temperature for 1-1.5 h. 
The gel apparatus was assembled, and electrophoresis running buffer (0.025M 
Tris-HCI. 0.192M glycine, 0.1% SDS, pH 8.3) was poured into the reservoirs of 
the apparatus, the comb removed, and the wells flushed out with running buffer. 
The protein samples were thawed by placing them in a boiling waterbath, after 
addition of 2 4 1 0.1% (w/v) bromophenol blue dye. The samples were then 
centrifuged in a microfuge for 5 mm, to collect condensation, and pellet any cell 
debris, and loaded onto the gel. Prestained molecular weight markers (Sigma), 
also suspended in sample buffer, were loaded into one well, for protein size 
determination. The proteins were separated by applying a potential difference 
across the gel of 65V, with the proteins migrating to the anode, and this was 
maintained until the bromophenol dye front was approximately 5cm from the 
bottom of the gel. The gel was retrieved and the proteins blotted onto 
nitrocellulose. 
Transfer of proteins to a nitrocellulose membrane: 
After separation of the proteins, the stacking gel was removed, and the 
separating gel cut to size. The proteins were electroblotte.d using a Biorad Trans-
Blot cell. The gel was overlaid with nitrocellulose (Schiecher and Schunell 
BA35) and this was sandwiched between 3MM filter paper and a foam pad. All 
the components were soaked in transfer buffer (25mM Tris-HC1, 192mM glycine, 
20% (w/v)methanoi, 0.1% (w/v) SDS, pH 8.3). The electro blot apparatus was 
assembled and the proteins transferred to the nitrocellulose by applying a 
potential difference of 60V (240mA)for 4h, with the nitrocellulose facing the 
anode. After this time the nitrocellulose filter was recovered and immersed in 
a solution of 5% (w/v) fat free milk powder (Marvel) made up in Tris-saline 
(0.9% (w/v) NaCl, 10mM Tris-HC1 (pH 7.4)). The filter was left in this solution, 
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with gentle shaking for 30 mm, then recovered and air dried. This filter was 
stored dry at room temperature. 
Detection of a specific protein using antibodies. 
The filter was sealed in plastic with 10-20m1 of 5% (w/v) milk (in Tris-saline 
buffer) solution, with the primary antibody added. Typically a monoclonal 
antibody derived from cell culture medium was diluted 1:50. The antibody was 
incubated with the filter overnight at 4 °C, with gentle shaking. The filter was 
washed, 
1 x in lOOml Tris-saline for 10 mm 
2 x in lOOmI Tris-saline + 0.05% (v/v) NP40 for 10 mm 
1 x in 100 Tris-saline for 10 mm 
The filter was incubated with 15m1 of the secondary antibody, an alkaline 
phosphatase conjugated anti-mouse IgG (Promega), diluted 1:7500 in 5% (w/v) 
fat free milk in Tris-saline. This was incubated for 2h at room temperature and 
the filter washed as above. The antibody was detected using the Promega 
Protoblot system, according to the manufactures recommendations. 33u1 of NBT 
(nitroblue tetrazolium) substrate and 16.5ul BCIP (5-bromo-4-chloro-3-indolyl-
phosphate) substrate was added to 5m1 alkaline phosphatase buffer (100mM Tris-
HC1 pH 9.5, 100mM NaCl, 5mM MgCl), mixed, and this solution is incubated 
with the filter. The mix produced a colour reaction within 10 mm, and the 
reaction was stopped by immersing the filter in lOOmi MO. The filter was 
photographed wet, dried and stored at room temperature. 
2.8 MAMMALIAN CELL CULTURE METHODS. 
2.8.1 Growth and storage of mammalian cells in culture. 
Cell lines were propagated in Glasgow modified Eagle's medium (Flow Labs.) 
supplemented with lx non-essential amino acids, 1mM sodium pyruvate, 2mM 
- L-Glutamine, 50 units/ml penicillin, 50 vg/ml streptomycin sulphate and 10% 
foetal calf serum. Cells were propagated in 25 cm  flasks (Flow Labs.) until 
confluent, trypsinized (in 1 ml trypsin, 0.25% (w/v)) and collected into 4 ml of 
growth media. The cells were then harvested by centrifugation at 1300 rpm 
(bench top centrifuge, 304g) and a fraction of the cells were propagated further. 
Cultures were incubated at 37 °C in 5% CO2 in a humidified incubator. 
SVM cells were split 1:4 every 4 days, conditions under which the cell cycle is 
24 h, after an initial 24 h lag, and growth was in multilayers. DM cells were split 
1:10 every 4 days, were contact inhibited, and had a cycle time of 12 hours. 
2.8.2 Derivation of clonal cell lines. 
10 or 100 cells were plated on a 64 cm 2 dish, and propagated till single colonies 
were visible. The media was aspirated and the colony isolated in a cloning ring. 
The ring was filled with trypsin to detach the cells of the colony and the cells 
transferred into 2m1 media. The cells were pelleted by centrifugation at 1300rpm 
(304g), the supernatant discarded, the cells resuspended in 4m1 media and plated 
into a 25cm2' flask. Cells were incubated at 37 °C, 5% CO2 in a humidified 
incubator, and passaged to another flask when a high cell density was reached. 
2.8.3 UV irradiation of SVM and CDM to determine sensitivity. 
Cells were harvested from early log phase growth cultures, resuspended in PBS, 
counted to a density of 1x10 5 'cells/mi. Aliquots of cells were then plated, in 
duplicate, to give 1000, 1000, 1000, 2000, 5000, 50 000 cells per 28 cm 2 dish for 
SVM cell lines, and 500 cells per dish for CDM. The cells were irradiated with 
UV (predominantly 254nm) in suspension at fluences of 0, 0.5, 1, 2.5, 5 and 10 
J/m2, respectively, with a UV lamp (model UVGL-58 Mineralight lamp from 
Ultra-violet products Inc., USA) at fixed height and varying time of exposure. 
The height was established to give 0.5J/m 2/s as measured on a 'Dosimeter 
Latarjet'. After irradiation, 4m1 culture medium was added to the dish and the 
cells incubated at 37 °C, 5% CO 2 in a humidified incubator for 2-3 weeks until 
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visible colonies were present. Cells were fixed to the dishes with Carnoys fixative 
(3 parts methanol to 1 part glacial acetic acid) and then stained with 10% (v/v) 
crystal violet stain diluted from a stock of 2% (w/v) crystal violet dye and 8% 
ammonium oxalate. The colonies were counted and expressed as a percentage 
of cells surviving relative to 0 J/m 2 . 
2.8.4 CALCIUM PHOSPHATE TRANSFECTION. 
Cells were harvested, counted and 5 x 105 cells plated out on a 64cm 2 dish. The 
cells were incubated overnight at 37 °C, 5% CO2 in a humidified incubator. To 
10-20ug of linearized DNA (CsCl prepared) was added imi HBS (lOx HBS: 8% 
(w/v) NaCl, 0.37% (w/v) KC1, 0.126% (w/v) NaHPO 4.dihydrate, 1% (w/v) D-
Glucose, 5% (w/v) HEPES, pH to 7.2 with NaOH), and 62 1u1 2M CaC1 2  added 
to each DNA/HBS solution. The CaCl, was added slowly, dropwise, and the 
solution left to precipitate for 45 min at room temperature. The medium was 
aspirated off the cells, the DNA precipitate added to the cells, and left at room 
temperature for 20 minutes, with frequent agitation of the mix. lOml of cell 
culture medium was added to the dishes, and the cells incubated overnight at 
37°C, 5% CO2 in a humidified incubator, after which time the medium was 
aspirated and replaced with medium containing appropriate selection. For SVM 
cells this was typically 500.ig/ml G418 (Gibco) and for CDM cells 1000ug/ml 
G418. The selection medium was changed after 48 h and the cells propagated 




3.1 On the integration of SV40 in mammalian cell lines. 
The DNA virus SV40 has become a paradigm to illustrate a 
number of subjects in molecular biology, and among these is the ability of the 
virus to transform cells non-permissive for its replication. Transformation involves 
covalent integration of SV40 DNA into the genome of the host cell, and a 
number of studies have investigated the nature and features of this integration. 
Since this work describes the elucidation of the integration pattern of SV40 in 
clonal derivatives of SVM, earlier studies are briefly reviewed to put the present 
work into context. Early analysis, by DNA reassociation kinetics, had 
demonstrated considerable variation between transformed cell lines in the 
number of integrated copies of SV40 DNA ( Gleb et al (1971); Sambrook et a! 
(1975)), and that the representation of different segments of SV40 was not 
uniform ( Botchan et a! (1974)). Southern transfers and hybridization were used 
subsequently to analyze the structure of the integrated viral DNA by digestion, 
using a variety of restriction endonucleases followed by hybridization with 
radiolabelled SV40 DNA. The early work ranged over a number of cell types, i.e. 
rat (Botchan et a!, 1976), human (Campo et a!, 1978), hamster (Chepelinsky et 
a!, 1980) and mouse (Ketner and Kelly, 1976). The conclusions from these 
studies were that: 
the integration of SV40 DNA is not specific with respect to the site of 
integration within the viral or host genome. Short regions of incomplete 
nucleotide sequence similarities have been reported at the end of certain viral 
inserts (Stringer, 1982b), and Buiiock et at (19) have suggested that there may 
be topoisomerase I sites close to these sequences. However, Mounts and Kelly 
(1984) could find no significant homologies at the site of integration. 
the viral genome is integrated as head to tail arrays, with complete or partial 
copies of the SV40 genome. 
The latter observation is consistent with a model for integration proposed by 
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Chia and Rigby (1981). These workers followed the fate of infecting viral DNA 
in cultures of non-permissive mouse cells and demonstrated the presence of large 
tandem head-to-tail oligomers of SV40 early after infection. Using appropriately 
marked viruses, they further demonstrated that the head-to-tail arrays could not 
be accounted for by recombination, but were likely to involve a limited amount 
of rolling circle replication. The product so formed would undergo illegitimate 
recombination (involving at least two cross-over points) leading to random 
integration, and a deletion of part of the host genome. Indeed later studies have 
confirmed a deletion of host DNA at the site of integration (Botchan et al 
(1980), Stringer (1982a and b), Mounts and Kelly (1984)). 
Once integrated the SV40 DNA is prone to rearrangements, seen 
as restriction fragment length polymorphisms (RFLPs) on Southern blot analysis 
of transformed cell DNA, probed with SV40 DNA (Sager et al (1981), Mougneau 
et al (1980), May et at (1981a), May et a! (1981b), Maruyama et al (1981), 
Hiscott et al (1980), Clayton and Rigby (1981), Chepelinsky et at (1983), Chen 
et a! (1984), Blank et al (1983), Bender et al (1983), Bender et al (1981)). 
Although, some studies have been unable to detect rearrangements (Botchan et 
a!, 1980). Rearrangements have been reported in subclones selected for changes 
in cell phenotype i.e. reversion to normal growth, flat cells or loss of anchorage 
dependence (Chepelinsky et a! (1983), Hiscott et a! (1980), Maruyama et a! 
(1981)) and in unselected subclones (Bender and Brockman (1981), Clayton and 
Rigby (1981), Mougneau et al (1980), Mounts and Kelly (1984), Sager et a! 
(1981), and Gurney and Gurney (1989)). Another means of selecting for 
rearrangements was reported by Lavi (11981a) as carcinogen - mediated. That is, 
exposure of SV40-transformed rodent cell lines to genotoxic agents leads to the 
amplification of the inserted viral sequences. This early report has been 
confirmed by subsequent studies of Lavi and Etkin (1981b), Baran et al (1983), 
Huhie and Herrich (1987) and more recently Steinberg et a! (1989). 
The bulk of the reports above have demonstrated instability of the SV40 genome 
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by demonstrating RFLPs of SV40 sequences after Southern hybridization. 
Cloning and characterization of the integrated SV40 sequences (Clayton and 
Rigby, 1981) has revealed the molecular nature of these polymorphisms. 
Duplications within the coding sequence of the T-antigen were predominant, 
resulting in a super T-antigen, i.e. a protein larger than the 94 KD wild-type 
form and deletions resulting in truncated proteins (this is reviewed in more detail 
in chapter 5). The main conclusions from these results are that the genome of 
SV40 is prone to rearrangement following integration into the host genome and 
the consequence of this is that the integrated sequences are not necessarily 
colinear with wild-type 5V40. 
Furthermore Gurney and Gurney (1989) have also investigated the fate of seven 
genes from clones of cells exhibiting high frequencies of rearrangements at the 
SV40 locus. They found no rearrangements at the following loci: c-myc, v-sis, c-
Ha-ras, c-Ki-ras, v-abl, the mouse immunoglobulin kappa light chain and the 
gene for p53. This result would suggest that the rearrangements are specific to 
the SV40 locus. This is consistent with the idea that the rearrangements are 
mediated by the T-antigen and probably via the origin of replication (Chen et 
al,(1983)). Indeed ori derivatives of SV40 would better serve the purpose of 
cellular transformation, if this state is desired for long term study of a cell line 
(Small et al (1982), Murane et al (1985), Canaani et al (1986)). 
3.2 SV40 and SYM. 
To address the question of the possible involvement of SV40 in the 
phenotype of SVIv1, the most direct experiment would involve a comparison of 
SVM, with its isogeneic non-transformed progenitor. This early cell line is no 
longer available. The question may be addressed instead by isolation of 
revertants of SVM, i.e. cell lines less sensitive to DNA damaging agents, and 
examining the integration and the gene products of SV40 in these cells. The 
question now is restated as 'is a correlation apparent between reversion and a 
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change in the SV40 éomponent'. This question is more problematic to answer 
since reversion can be envisaged to be mediated by.a number of mechanisms not 
necessarily involving SV40. Hence initially, integration of SV40 was characterized 
in SVM and revertants were to be similarly characterized in search of a change 
which consistently appeared in revertants. 
3.3 The approach to characterization of SV40 integration in SVM. 
The SV40 integration pattern was elucidated using Southern blot 
analysis, avoiding direct cloning of the integrated DNA. However, the integrated 
DNA was not expected to be co-linear with wild-type SV40. The approach used 
differs from earlier studies in that after initially probing with the 5V40 genome, 
the filters are stripped of radioactivity, and reprobed sequentially with 5 
fragments of SV40 which together span the genome. So the initial 
autoradiographic pattern can be interpreted in finer detail. The approach is 
summarised in Fig. 3.1. The rationale is better appreciated by considering a 
possible pattern of integration - a cell line with 3.5 genomes of SV40 integrated 
into the host DNA, tandemly repeated and colinear with wild-type SV40. The 
pattern on Southern analysis, after restriction with an enzyme that had no 
recognition sites in SV40, would be one band, indicative of that number of 
integration sites. After restriction with an enzyme that cleaves only once in the 
SV40 genome, Southern analysis, would reveal three bands - one intense band 
at 5200bp (the size of one SV40 genome) and two bands of lesser intensity and 
of arbitrary size. On sequential reprobing with fragments of SV40 it can be 
A etermined that the 5200bp band has hOmOlogy to all the S'v'40 genome, while 
the other two bands exhibit homology to part of the genome. Furthermore 
densitometric analysis of autoradiographs (of blots probed with fragments of 
SV40) may reveal a 3:1 ratio between the 5200bp band and any one of the other 
two bands. 
115 
Fig.3.1 Summary of the approach used to elucidate the features of SV40 
integration in SVM. Note that 3-4 genomes of SV40 are integrated as tandem 
repeats into one site. SV40 DNA is depicted as a thin line, cellular DNA as a 
thick black line. Hence restricting the DNA with an enzyme that has no 
recognition sites in SV40 reveals one band. Restriction with an enzyme that has 
one recognition site reveals three bands of differing intensities. Parts of the SV40 
genome can be assigned by sequential probing with fragments of the SV40 
genome, that together constitute the whole genome. 
CDM is a immortalized Indian Muntjac cell line that has no SV40 DNA, and 
hence acts as a negative control. 
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Integration Site Analysis: Approach 
Isolate high molecular weight cell DNA + 
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Figure 3.1 
From these results, and the background studies cited on the nature of integration 
sites of SV40, it is reasonable to deduce that the cell line harbours between 3 
and 4 copies of SV40 integrated at one site and also the nature of the viral 
sequences at the cell-virus DNA junction can be roughly assigned. This type of 
analysis does not reveal subtle mutations within the SV40 genome, or 
deletions/duplications that can not be resolved by agarose gel electrophoresis. 
However it does assign a rough integration pattern to a cell line, and allows 
detection of changes resulting from duplications and deletions that can be 
resolved by agarose gel electrophoresis. Furthermore, sequential reprobing with 
fragments, and densitometry allows assignment of the region of 
duplication/deletion involving viral sequences. 
3.4 Results. 
3.4.1 The genome of SV40 is prone to rearrangements in SVM. 
Fig. 3.2 illustrates the capacity of the integrated SV40 genomes for 
rearrangements in SVM. The figure represents a Southern hybridization analysis, 
using radiolabelled SV40 DNA as a probe. The cellular DNA analysed was 
derived from 4 cell lines, a, a', b and W. These cell lines are related to each 
other, in that lines a and b are clonal cell lines isolated in this laboratory from 
a SVM stock culture. The DNA was prepared from these cell lines soon after 
expansion of the clone to greater cell numbers. The cell lines a' and b' represent 
DNA from these clonal cell lines after the cells have been cultured continuously 
for 9-10 months. The DNA was restricted with either TaqI or EcoRI, and the 
amount of DNA loaded in each track was equal (i0ig). The appearance of 
differing size fragments is indicative of instability of SV40, e.g. in comparing a 
with a' and b with W. This instability is most apparent in the case where the 
DNA was restricted with EcoRI, where there is heterogeneity in band size and 
signal; suggestive of amplification of SV40 in SVM. The rearrangement did not 
always accompany a phenotypic change. 
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Fig. 3.2 Illustrates the capacity of SV40 in SVM for rearrangement. DNA loading 
is at lOitg per track. 






Hence, cell lines a and b were cloned from a stock culture of SVM. a' and b' are 
derivatives of a and b after 9-10 months of continuous culture. 
EcoRJI and TaqI were restriction enzymes used to cleave cellular DNA. 
Probe was labelled SV40 DNA. 
CLONING OF CELL LINES. 
9-10 months culture 
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In the case of some clonal cell lines the cells were in crisis after some time in 
culture: manifested by a retardation in growth, low plating densities, and a great 
number of cell deaths. These cultures were discarded. Fig. 3.2 represents a 
Southern blot analysis of DNA from cell lines (a, a', b, b') which were healthy 
and with growth characteristics that were not obviously different from that of 
early passage cells. 
Due to this instability of the SV40 genome in SVM, a cell line once 
cloned was aliquoted and frozen at -70 °C. Furthermore a cell line and only 
propagated for 3-4 months before being discarded and replaced with a new 
aliquot. 
3.4.2 The heterogeneity can be dissected by cloning. 
Fig 3.3a illustrates the cloning of SVM into defined homogeneous 
cell lines, with respect to the SV40 locus. Using SV40 DNA as a probe and TaqI 
to cleave the DNA reveals a hybridization pattern for the SVM stock culture that 
can be separated by picking single cells with subsequent expansion to establish 
clonal cell lines. Two such lines, SVM(M) and SVM(R) reveal patterns that 
when superimposed reconstitute the stock culture pattern. These observations 
support the data above on rearrangement dismissing the possibility that the 
observed polymorphisms are the result of partial restriction by a given enzyme. 
Furthermore it can be seen that the change occurred in a fraction of the original 
cell population, rather than a common change occurring in all cells. Cloning of 
SVM was problematic, since plating at a low density and subsequent cloning 
leads the majority of cloned cells into crisis. This observation is supported by the 
results of Pillidge et al (1986h), who reported excessive chromosome aberrations 
in SVM cells plated at a low density. 
The pattern observed in SVM(R) evolved from the SVM(M) pattern. Fig. 3.3b 
illustrates a pattern revealed by TaqI restriction of DNA extracted from cells that 
were the progenitors of SVM (stock). That is SVM (stock) is derived from SVM 
progenitor (SVM-Prog.) after a time of continuous culture. 
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Fig. 3.3 Illustrates the cloning of cell lines SVM(M) and SVM(R) from a stock 
culture SVM(stock). SVM(stock) is derived from SVM-Prog. 
All DNA was restricted with TaqI. Probe was labelled SV40 DNA. 
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Notably a novel band at approximately 5400-5600 bp is apparent in SVM (stock) 
that is not present in SVM-Prog. Furthermore SVM(M) is similar to SVM-Prog. 
in its hybridization pattern, after TaqI restriction of their DNAs and probing with 
radiolabelled SV40 DNA. Hence the SV40 arrangement in SVM(R) has evolved 
from that in SVM(M). Cell lines SVM(M) and SVM(R) were used for further 
studies. Lines were replaced after 3-4 months of culture with early passage cells 
and checks were made periodically (9-10 months) for heterogeneity from these 
initial patterns. 
3.4.3 The number of integration sites in SVM(M) and SVM(R). 
Fig. 3.4 illustrates autoradiographs of ScaI and BstEII restricted 
SVM(M) and SVM(R) DNA. SV40 DNA has no recognition sites for these 
enzymes, hence they reveal the number of integration sites of SV40 in SVM. ScaI 
restriction reveals at least two integration sites while BstEII reveals only one.The 
signal generated by digestion with BstEII could originate from two superimposed 
fragments, although a longer period of electrophoresis does not reveal any 
doublet. This may be indicative that the two integration sites are on the same 
chromosome, in close proximity, and can be isolated as a 34-38 Kb BstEII 
fragment. This fragment was sized on a gel after a longer period of 
electrophoresis and additional size markers at 33.5 Kb and 48.5 Kb. Smal and 
BglII, neither of which have recognition sequences in SV40 DNA, also reveal 
only one band in the 38-40 Kb range (data not shown). 
The ScaI restricted DNA reveals at least two integration sites, 
contained on ScaI fragments of approximately 17000 bp and 5200bp in SVM(M) 
and 19000bp and 5200bp in SVM(R). The larger site will be designated 
integration site 1 and the smaller, integration site 2 . This analysis reveals an 
apparent increase in the size of integration 1 between SVM(M) and SVM(R) of 
approximately 2Kb. Other enzymes with no recognition sequence in SV40 that 
reveal two major integration sites are AvaI, XbaI, and X/zol, (data not shown). 
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Fig. 3.4 Illustrates the separation of the two major integration sites of SV40 in 
SVM(M) and SVM(R). BstEII and ScaI are the enzymes used to restrict DNA. 

















Hence the two fragments generated by the ScaI digest are not the result of SV40 
rearrangements at one integration site generating a ScaI restriction enzyme 
recognition site. 
3.4.4 The integration pattern of SV40 in SVM(M) and SVM(R). 
Fig. 3.3a illustrates the autoradiograph of DNA from SVM(M) and 
SVM(R) after TaqI restriction and Southern hybridization with radiolabelleci 
SV40 DNA. SV40 has one recognition sequence for TaqI and this enzyme should 
allow an estimate of the number of copies of the SV40 genome integrated into 
SVM(M) and SVM(R). The fragment sizes (in bp), and their designations are: 
Band SVM(M) Band SVM(R) 
Ml 5400 - RI 5400 - 
5800  5800 
M2 4100 -  R2 5200 - 
4300 5400 
M3 3600 - R3 4100 - 
3800  4300 
M4 2200 - R4 2200 - 
2400  2400 
M5 2100 - R5 2100 - 
2200  2200 
M6a & b 1250 - R6a & b 1250 - 
___ 1300* 1300* 
M7 L: 1000 - R7 1000 - 1100 1100 
tTwo bands superimposed. This is apparent from the intensity of signal and a 
later experiment separating the integration sites. 
There is variation in size estimates between gels on repeat experiments hence a 
range of sizes is noted. 
Note the 3600 TaqI generated fragment (M3) has increased by 1600bp to 5200bp 
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(R2) in SVM(R). This is clearly resolved in Fig. 3.5 and Fig. 3.6. Furthermore 
these figures show the doublet nature of M4 and MS and R4 and R5. 
This TaqI generated pattern is in contrast to an EcoRI restriction 
pattern (Fig. 3.2). EcoRI is an enzyme which also has only one recognition site 
in the SV40 genome. This reveals two fragments at approximately 25 Kb and 15 
Kb (see clonal lines a and b in Fig. 3.4.1). Since the TaqI pattern reveals 8 
fragments it must be concluded that SVM(M) and SVM(R) exhibit a pattern that 
is consistent with at least seven genomes of SV40 integrated and that these have 
rearranged so as to eliminate the majority of EcoRI recognition sites (located in 
the late region of the viral genome). In this retrospective analysis it is not 
possible to conclude whether these genomes are the remains of seven tandem 
copies of SV40 that have rearranged, or fewer copies that have 
rearranged/amplified etc. Each of the bands generated by TaqI restriction will 
be referred to as designated above (i.e. Ml, M2) - a reference independent from 
its mode of generation. 
3.4.5 The identity the SV40 components in SVM(M) and SVM(R). 
Fig 3.5 and Fig. 3.6, illustrate an experiment to assign each of the SV40 
fragments generated by TaqI restriction, to a particular integration site. SVM(M) 
and SVM(R) DNA was initially restricted with ScaI and size fractionated by 
electrophoresis. The DNA in the size range 23.1 - 9.4 Kb and 6.5 - 4.3 Kb for 
integration site 1 and 2 respectively was purified from the agarose gel, and 
restricted with TaqI. The samples were then size fractionated, blotted, and 
hybridized with radiolabelled SV40 DNA. The gel also had SVM(M) and 
SVM(R) DNA restricted with ScaI and ScaI/Taqi. Fig 3.5 illustrates the result 
for SVM(M) and Fig 3.6 illustrates the result for SVM(R). 
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Fig 3.5 Illustrates SVM(M) DNA restricted with TaqI, ScaI or with ScaI and 
TaqI (TaqI/ScaI). INT.1 and INT.2 is size enriched SVM(M) DNA, after ScaI 
restriction, to separate integration site 1 and integration site 2. 
Probe was labelled SV40 DNA. 
Ml, M2 etc. are designations for bands that are discussed in the text. Note the 
signal for fragment M7 has not been reproduced on photography of the 
autoradiograph on which it is visible in integration site 2. It has been captured 
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Fig 3.6 Illustrates SVM(R) DNA restricted with TaqI, ScaI or with ScaI and TaqI 
(TaqI/ScaI). INT.1 and INT.2 is size enriched SVM(R) DNA, after ScaI 
restriction, to separate integration site 1 and integration site 2. 
Probe was labelled SV40 DNA. 
Ri, R2 etc. are designations for bands disscussed in the text. 
Notably some faint bands are apparent in this experiment which are due to 
either partial restriction of the DNA or are artifacts from the purification 
























z z LI (V LI 
-23.1 
-9.4 
____ Ri  - -6.5  
P2 -- 
- 1 • -4.3 
4w -2.3 
	
R5 	 -2.0 
R 6 a & b 	 III -1.3 













* reduced to 900 bp on ScaT / TaqI restriction. Note also that bands M4 and M5 
may also slightly reduce in size on ScaI / TaqI restriction. The result for 
SVM(R) is similar, with the exception that the 3600bp component (M3) is now 
5200bp (R2), but still in integration site 1. This confirms the conclusion from 
results generated by ScaI restriction that the polymorphism between SVM(M) 
and SVM(R) is in integration site 1. 
The next question on the identity of the TaqI - generated fragments is what part 
of the SV40 genome constitutes each fragment. This question was addressed by 
probing immobilized TaqI restricted DNA with the whole SV40 genome, followed 
by sequential reprobing with fragments of the SV40 genome, such that the 
fragments together constitute the whole of the SV40 genome (see Fig. 3.1). The 
diagram overleaf displays the restriction enzyme sites used for subcloning 
fragments, relative to the gene map of 5V40. This map is reproduced on the 






Ec o R 1(1782) 
BamHI (2533) 
I NdeI(3808) 40 3 bp) 
Fig. 3.7 illustrates the regions of SV40 subcloned into pUC8. These fragments 
were isolated from subclones for hybridization experiments, to avoid any cross-
contamination of probes. 
Figures 3.8 to 3.13 illustrate the results of hybridization with the S'v'40 genome 
and reprobing with the fragments. The results are summarized on the following 
pages. 
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Fig 3.7 Illustrates the subcloning of fragments of SV40 into pUC8. SV40 is 
represented by shading and pUC8 by a clear circle. Note this diagram is not to 
scale. 
The strategy for cloning was: 
pNVS1- was constructed by excising the TaqI/MspI fragment of SV40, 
'filling in' the overhang generated by the enzyme with Klenow (making the 
fragment blunt ended) and cloning it into SmaI restricted pUC8. The fragment 
can be conveniently excised with EcoRI and Barni-JI double digestion. 
pNVS2- was generated by restricting SV40 DNA with MspI, 'filling-in' the 
overhangs generated by the enzyme with Kienow, and restricting with EcoRI. The 
EcoRI/MspI fragment was excised from a gel (the MspI end being blunt) and 
cloned into SmaI/EcoRI restricted pUC8. The fragment can be conveniently 
excised with EcoRI and BarnHI double digestion. 
pNVS3- SV40 DNA was restricted with Ba,nI-fI and EcoRI and the 
EcoRI/BainHI fragment cloned into pUC8. The fragment can be convenient 
excised with EcoRI and BamHI double digestion. 
pNVS4- SV40 DNA was restricted with NdeI and BarnHI and the 
overhang generated by these enzymes 'filled-in' with the Klenow fragment of 
DNA polymerase I. The NdeI/BainHI fragment was purified from a gel after size 
fractionation, and cloned into Smal restricted pUC8. The fragment can be 
conveniently excised with EcoRI and BamHI double digestion. 
pNVS5- SV40 DNA was restricted with NdeI and the overhang generated 
by this enzymes 'filled-in' with the Kienow fragment of DNA polymerase I. The 
NdeI/NdeI fragment was purified from a gel after size fractionation, and cloned 
into SrnaI restricted pUC8. The fragment can be conveniently excised with EcoRI 
and BamHI double digestion. 
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Msp I EcoR I 
Fig. 3.8 Illustrates the components of the SV40 integration sites separated after 
TaqI restriction in SVM(M) and SVM(R). Each cell line displays seven 
fragments- see also Fig. 3.5 and Fig. 3.6. Probe was labelled SV40 DNA, and is 
indicated as a thick black line around the gene map of SV40. 
Fig. 3.9 Illustrates the components of the SV40 integration sites separated after 
TaqI restriction in SVM(M) and SVM(R). Probe was TaqI to MspI fragment of 
i l 
SV40, and is indicated as a black line around the gene map of SV40. 
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Fig. 3.10 Illustrates the components of the SV40 integration sites separated after 
TaqI restriction in SVM(M) and SVM(R). Probe was NdeI to NdeI fragment of 
SV40, and is indicated as a thick black line around the gene map of SV40. 
Fig. 3.11 Illustrates the components of the SV40 integration sites separated after 
TaqI restriction in SVM(M) and SVM(R). Probe was BamHI to NdeI fragment 
of SV40, and is indicated by as a thick black line around the gene map of SV40. 
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Fig. 3.12 Illustrates the components of the SV40 integration sites separated after 
TaqI restriction in SVM(M) and SVM(R). Probe was MspI to EcRI fragment 
of SV40, and is indicated asa thick black line around the gene map of SV40. 
Fig. 3.13 Illustrates the components of the SV40 integration sites separated after 
TaqI restriction in SVM(M) and SVM(R). Probe was EcoRI to BamHI fragment 
of SV40, and is indicated as a thick black line around the' gene map of SY40. 
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Band Ml and Ri (size 5400-5800bp) 
-all sub-fragments of SV40 hybridize to this band. The size is suggestive of a 
complete copy of SV40, although subtle changes cannot be ruled out. There is 
an apparent size discrepancy between this fragment and a complete copy of SV40 
(5.2 Kb). This is attributed later to a small internal duplication within this 
fragment. 










The table above displays the appearance (+) or lack (-) of a signal on probing 
TaqI restricted SVM(M) and SVM(R) DNA. The diagram is a schematic 
representation of the SV40 genome, with the pertinent restriction sites added. 
The shading represents the presence of a signal when a fragment was used as a 











i.e. the size of the band. Here the band size (4300bp) is deficient by 900bp to 
cover the entire SV40 genome (5200bp). Since the EcoRI - BainHI fragment is 
751bp, and no signal is revealed on probing with the EcoRI - BamHI fragment 
for this band, the shading stops short of the EcoRI and Ban2HI sites. 
Band M3 (size 3600-3800bp). 
Band R2 (size 5200-5400bp). 
NdeI 
BamH I 
Note: the size of band and the signal attributed to it are anomalous. That is the 
fragments of SV40 generating a signal add up to some 1850bp while the size of 
the fragments is much greater. 
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Band M4 and R4 (size 2200-2400bp). 
Probe Signal 
















































Note this band is reduced from 1000-1175bp on TaqI restriction to 900bp on 
ScaI/TaqI restriction. 
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The results so far have demonstrated the nature of SV40 sequences within each 
component of SV40 in SVM(M) and SVM(R), and to which integration site each 
component belongs. Assuming as much colinearity as possible, with wild-type 
SV40, it is possible to arrive at the features of each integration site. 
INTEGRATION SITE 2 is contained on a ScaI generated fragment 
of 4600-5000bp. It is constituted by bands M5 (2100bp), M6 (1250bp) and M7 
(1000bp),generated by Taql digestion in SVM(M) and in SVM(R). Furthermore, 
M7 is located at the viral and cell DNA junction, since it decreases in size (to 
900bp) on ScaI/TaqI double restriction (see Fig. 3.5). Band M6 is connected to 
M5, and thus preserves colinearity for the T-antigen gene. Band M5 also reduces 
slightly in size on TaqI/ScaI double restriction (see Fig. 3.5 and 3.6) and this is 
placed at the other viral/cellular DNA junction. Hence M6 is flanked by M7 and 
M5. This configuration preserves colinearity and allows for an almost full early 
transcription unit. This presumptive integration site 2 is illusrated in fig. 3.14. It 
is the same in SVM(R). 
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Fig. 3.14. A schematic representation of SV40 integration site 2 in SVM(M) and 
SVM(R). It comprises essentially of an early unit and two control regions. 
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Fig. 3.14 
Integration site 1 differs between SVM(M) and SVM(R) in that it 
is larger by some 2000bp in SVM(R).Hence is contained on a Scal generated 
fragments of 17 000bp for SVM(M) and 19 000bp for SVM(R). It is constituted 
by fragments Ml, M2, M3, M4 and M6a in SVM(M) and Ri, R2, R3, R4, R6a 
in SVM(R). Compared to integration site 2, a number of combinations are 
possible to order the components. Again assuming as much colinearity with wild-
type SV40 as possible, four of the components can be fitted together. 
M3 is a 3600bp-3800bp fragment, however only 1850bp of SV40 can 
be assigned to it. Two possibilities that explain this discrepancy are that this band 
is at the viral-cellular DNA junction or that it has a duplication of SV40. If M3 
is placed at a junction, and M4 at the other junction (due to a slight decrease in 
size on ScaI/TaqI double restriction, see Fig. 3.5 and 3.6), then Ml and M2 can 
be placed between them and preserve collinearity. The order of Ml and M2, 
relative to M3 and M4 is at this moment undefined. 
The two possibilties are: 
EcoR i 	 Sca I 
I 
M4 	M2 	Ml 	M3 
EcoRI 	 Sca I 
iI
KAA 	 PA1 
IVS U 	 - 	 - - 
There are various arguments based on the sizes of fragments after various 
restriction digests that favour configuration I above as being correct. However 
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direct evidence that this is the correct order is presented in Chapter 6. This 
order is revealed after cloning integration site 1 into a X vector. 
The placement of band M6a into this configuration is problematic 
since it displays no distinctive features and cannot be be easily assigned on 
arguments of size (1250bp). Hence it could occupy a position between bands M3 
and Ml, Ml and M2, or M2 and M4. Results presented in chapter 5 are 
suggestive that it is between Ml and M2, disrupting the T-antigen coding 
capacity of M2. 
3.4.6 The nature of the difference between SVM(M) and SVM(R). 
Clearly the difference between SVM(M) and SVM(R) is a 
restriction fragment length polymorphism, revealed by restriction with TaqI and 
also with ScaI. Two enzymes revealing the RFLP, is indicative of a 
deletion/addition type event giving rise to the observed change rather than a 
point mutation. 
Assuming it is an addition of DNA, a specific question that can be 
addressed is the possibility that the increase in size of M3 (3600bp) to R2 
(5200bp) is the result of an duplication of SV40 sequences. This question can be 
answered by densitometric analysis of the autoradiographs. Referring to (Fig. 3.9) 
the ratio of M1+M3:M2 should equal that of R1+R2:R3 if the change is due to 
an insertion of cellular sequence. However, the ratio should increase if the RFLP 
is a result of amplification of SV40 sequences. 
With reference to Fig. 3.9 the densitometric readings were as follows: 
M1+M3:M2 	 70.7:53 
1.3 : 1 
R1+R2:R3 	 84:16 
5:1 
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This is indicative of an amplification of SV40 sequences that span the restriction 
enzyme recognition sites for MspI to TaqI in M3 to generate a larger fragment 
R2. 
Duplications of SV40 sequences in M3. 
The densitometric analysis above, further revealed an anomaly in 
the intensity of Ml, M2 and M3. On scanning the autoradiograph above, the 
signals for Ml and M2 were equivalent, within errors for deviation, but M3 was 
approximately double that of either Ml or M2. This is apparent on visual 
inspection of the autoradiograph, (SVM(M) in Fig. 3.9). Hence M3 probably is 
a fragment containing an internal duplication of this region of SV40 spanning the 
TaqI to MspI recognition sites. Indeed this duplication probably extends past the 
MspI recognition site as evidenced by the autoradiograph after hybridization with 
the MspI to EcoRI fragment of SV40 (Fig. 3.12). 
Duplication of SV40 sequences in Ml. 
Ml and M2 yield further data on analysis of the autoradiographs 
from hybridization with SV40 fragments spanning the NdeI-NdeI and the NdeI-
BamHI sites of SV40 (Fig. 3.10 and 3.11). In the 40tter case, both Ml and M2 
display an equal signal, while in the latter case Ml has double the intensity of 
M2. This is suggestive of a duplication with the region spanned by the NdeI-NdeI 
sites of SV40 in Ml. It could account for its slight increase in size, relative to a 
wild-type genome, and also the production of a super T-antigen (see chapter 5). 
3 .6  fl1QC'1TUW 	 - 
The main conclusions are: 
Each cell line has two integration sites, both in close proximity such 
that they can be contained on a 30Kb fragment generated by resriction with 
BstEII. 
The smaller integration sit9is unchanged between the two cell lines, the 
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larger integration site has an internal duplication resulting in an increase in size 
of 2000bp, in SVM(M). 
This size increase has resulted from a duplication of the region of SV40 
containing the enhancer/origin of replication at the viral/cellular DNA junction, 
in SVM(R). 
This duplication is further to a small duplication in integration site 1, 
in SVM(M) and SVM(R), in 
the T-antigen coding region in Ml. This explains the size 
anomaly of Ml which is 5400bp and contains all the SV40 genome (5200bp). 
a duplication of the enhancer/origin region and some late region 
sequences in band M3. 
These conclusions are summarized in fig. 3.15a and b. 
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Fig. 3.15 a and b are schematic representations of SV40 integration site 1 in 
SVM(M) and SVM(R) respectively. The bands are arranged so as to preserve 
as much collinearity as possible. Bands Ml, M6a and M2, and Ri, R6a, and R2 
are placed in their positions from evidence presented in chapters 5 and 6. Note 
that EcoRl and BamHI sites are present only in band Ml and RI. These 
restriction enzyme recognition sites dissect this integration site and were utilized 
in making a genomic library. 
I1y 
early transcription unit 
EARLY 	
(coding for large and 
small T-antigens). 
late transcription unit 
LATE  b. (coding for viral coat 
proteins). 
SV40 enhancer/origin region 
I * 	duplication 
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The preceding chapter, elaborated on the elucidation of SV40 
integration in two cell lines SVM(M) and SVM(R). There was a difference 
between the two, in that SVM(R) has an additional duplication of the SV40 
origin/enhancer region, located at the junction between viral and cellular DNA. 
This chapter describes another difference between the two cell lines- sensitivity 
to ultraviolet radiation. 
It is pertinent to note that SVM(R) was not selected on the basis of any 
phenotypic change. The change at integration site 1 arose spontaneously, and was 
picked out after a cloning experiment i.e. the change was not induced by DNA 
damaging agents (see Steinberg, 1989). Any differences apparent between 
SVM(M) and SVM(R) were not as a result of mutagenesis, although selection 
by unknown variables, such as cell culture conditions, cannot be ruled out. 
4.2 RESULTS. 
Fig. 4.1 illustrates single cell survival curves of CDM (an 
immortalized wild-type Indian Muntjac cell line, not isogenic to SVM), SVM(M) 
and SVM(R), after UV irradiation. SVM(R) is significantly more UV resistant 
compared with SVM(M). Each point represents the mean of three experiments, 
with standard errors around the mean shown. The source of UV irradiation and 
the detector were not standardized, since no facility was available to calibrate the 
equipment. Nevertheless, there is an apparent and significant trend to increased 
T T7 _.... 	-,.... L.. c'tn.rfr)\ 	 .-.. 
1C1La11.0 to i V iILUIL1U1I by L) V ''k") .JL11paAu u.' - v iviivij. 
It is not beneficial to express the results in the standard forms D 37 
(the dose required to reduce the surviving fraction to 37%) or D0 (the dose 
increase required to reduce survival by 37%), since comparison of these figures 
with those in the literature would be meaningless, since the UV source or 
detector were not standardized. 
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Fig. 4.1. Graph to illustrate cell survival after UV irradiation of CDM, SVM(M) 
and SVM(R). Each point represents the mean of three experiments with standard 
errors around the mean shown. The lines were computer generated using an 
interpolate function that essentially is an electronic French curve. Experimental 
details are outlined in Chapter 2. 
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Fig. 4.2 
Another means to describe the graphs expressing the degree of correction of a 
UV sensitive phenotype was noted by Cleaver (1990). This provides useful 
comparative information, and permits an analysis that reflects how much damage 
is repairable in CDM, SVM(M) and SVM(R). Essentially this method describes 
degrees by which survival curves tend towards the wild type survival curve (see 
Fig. 4.2). The degree of correction is expressed by dose modification at constant 
survival (i.e. 50%) as [(B - A) / (C - A)], where B is the dose at which 50% of 
survival is observed in SVM(R), A is the dose at which 50% of survival is 
observed in SVM(M) and C is the dose at which 50% survival is observed in 
CDM. 
This method of calculation, since it is an expression of relative levels, is more 
amenable to comparisons within the literature, and represents, approximately, the 
degree to which the repair deficiency has been regained over the whole dose-
response curve. 
For CDM, SVM(M) and SVM(R), the degree of reversion of SVM(R) is 35-
40%. 
4.3 DISCUSSION. 
Revertants have been problematic in attempts to clone mammalian 
DNA repair mutants, since selection procedures, after transformation of mutants 
with wild-type DNA, involves challenge with a DNA damaging agent, i.e. a 
mutagen. The rationale being that surviving cells have been complemented. One 
of the problems frequently encountered in this approach is reversion- that is 
surviving cells are revertants rather than complemented cells (Royer-Pokora and 
Haseltine (1984) and Schultz et a! (1985)). Cleaver et a! (1987) subjected a 
Xeroderma Pigmentosum SV40 transformed group A cell line to mutagenesis (by 
exposure to ethyl methanesulphonate) and isolated three revertants on the basis 
of increased survival after UV irradiation. These revertant cell lines had 
recovered resistance to UV irradiation, but displayed intermediate sensitivities 
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to 4-nitroquinoline- 1 -oxide (4NQO) and were still sensitive to N-methyl-n'-nitro-
n'-nitrosoguanidine (MNNG) - a response characteristic of the mel (me() 
phenotype of SV40 transformed cells (Day et at (1980), and chapter 1). 
Furthermore, one of the three revertants tested had acquired a repair process 
that is specific for [6-4] photoproducts. This study illustrates the point that 
typically reversion is not 'full' (i.e. an eynt that restores the phenotype to wild-
type), but rather that parts of the deficient phenotype can be recovered. 
Phenotypic reversion can be envisaged to occur by several 
mechanisms, including back-mutations within the mutant gene, suppression either 
by nonsense or missense supressors or the overexpression of a defective gene 
product. Second site mutations are likely to complement mutants especially in 
multi-subunit protein complexes, and this would certainly be the case for 
mammalian repair enzymes. DNA repair is best regarded as an array of pathways 
that can be reassorted to cope with any damage, so reversion can occur by 
increased activity of these secondary pathways. Partial restoration of phenotype 
has also been reported for a number of experiments where correction has been 
attempted by complementation with wild-type DNA. The results for UV 
sensitivity are summarized below, and are adapted from Cleaver (1990). 
Phenotype + Correction method 	Correction(%) 
XP(A) + mouse genomic DNA 	 48-56 
XP(A) + human chromosomes 	 7-32 
XP(C) + cDNA (2° transfection) 	 8-10 
XP(D) + hamster genomic DNA  
The connection between partial reversion and partial correction is hard to define, 
but may lie in secondary pathways of repair i.e. overexpression of one pathway, 
either by mutation (causing a reversion event) or by addition of an extra gene 
copy. 
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Since the reversion event in SVM(R) does not confer wild-type 
levels of resistance to UV irradiation, only the possibility of back mutation can 
be excluded. UV resistant revertants of SVM(M) have been selected by using 
various regimes of UV irradiation by Dr. Simon Bouffler (per. comm.). The 
resistant cells emerging from these procedures displayed a variety of phenotypes, 
i.e. increased UV resistance, decreased SCEs and increased maturation of 
nascent DNA. These phenotypes appeared either singularly or in various 
combinations. The extent of recovery for UV resistance ranged from 6%-48% 
(using the criteria above), but never reached wild-type levels. Hence, revertants 
and their study can help to elucidate the different pathways that exist in cells for 
damage repair and tolerance, but are not informative in revealing the 
mechanisms of repair. 
SVM(R), identified on the basis of a slight change in the SV40 
integration pattern was found to be a spontaneous revertant. The task of 
answering questions on the connection between the change in the integration 
pattern and the reversion event is made easier by the lack of any programme of 
mutagenesis. 
Unfortunately the frequency of spontaneous reversion of SVM(M) is not 
available. Plating of SVM(M) at low densities is problematic, with cells displaying 
an abundance of sister chromatid exchanges (Pillidge et al, 1986b). Of 20 clones 
initially selected in this st64y, 3 lines were robust enough to reach mass culture; 
two of these were similar to SVM(M), and one showed a difference with respect 
to SV40 integration, SVM(R). These numbers do not form a large enough 
fi-'.r ,rlucc rtf cnnntnnArNiic riurcirn rt 	Tvri11, mmm1in 
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display a spontaneous mutation frequency of 1 x 10 -6 - 1 x 10-7 per cell per 
generation (D. Mellon, per. comm.). The probability of finding two changes is 
less than 1 x 10-7  , hence it is reasonable to ask the question 'is the change at the 





The preceding work, established changes in a cell line, SVM(R), 
compared to SVM(M). SVM(R) has a change at an SV40 integration site, 
resulting in a duplication of the enhancer/origin region of SV40 at the 
viral/cellular DNA junction. Furthermore, SVM(R) is resistant to UV irradiation 
to a greater extent than SVM(M). This raises the question of whether the change 
in integration pattern has caused the change in radiosensitivity of SVM(R). The 
duplication of a position and orientation independent enhancer can mediate 
changes to either 1) the SV40 genes or 2) the cellular DNA sequences. This 
chapter addresses the question of the possible effect on the SV40 genes flanking 
the enhancer duplication. 
The SV40 enhancer mediates the enhancement of transcription of 
the T-antigen of SV40. This protein is a multifunctional protein and mechanisms 
by which it could mediate reversion can easily be envisaged. The SV40 enhancer 
and the T-antigen are reviewed in detail in chapter 1. 
Since this chapter describes studies on the T-antigen of SVM, T -
antigens, in other mammalian cell lines are briefly reviewed. Several studies have 
identified T-antigens distinct (larger) from the wild-type large T (94 Kd) than is 
postulated from sequence analysis (Chang et a! (1979), Kress et a! (1979), Smith 
et al (1979), Soule and Butel (1979), Van Roy et at (1981), Levitt et at (1985), 
Chen et at (1983), Gurney et a! (1980), May et a! (1981b), Clayton et at (1981a)). 
Peptide mapping and immunological techniques have shown these proteins to be 
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May et a! (1980) and Smith et a! (1980)). There is variation in size from 100 Kd 
(Chang et a!, 1979), 115 Kd (Kress et a! (1979), May et at (1981b)), 130 Kd (Van 
Roy et a!, 1981), 145 Kd (Lovett et a!, 1892). Of these, the 100 Kd version is the 
most commonly reported. The increase in size is due to either an internal 
duplication in phase with the T-antigen reading frame (Lovett et a! (1982), May 
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et a! (1981b), insertion into the template of sequences of unknown origin (May 
et a!, 1983), or due to an aberrant splicing product between parts of two gene 
copies integrated as repeats (Levitt et a!, 1985). Although in the latter case a 
wild-type T-antigen (94 Kd) is also observed. Transfection of these mutant 
templates (Clayton et al (1982), May et al (1983), Stringer (1982)) into rodent 
and simian cells has revealed that they retain their ability to transform, but had 
lost the ability to initiate viral replication i.e. transformation and replication 
functions were separable. That these mutant T-antigens appear frequently in 
examined cell lines has led Rigby and Lane (1983) to postulate that there is 
selection against the presence of fully functional large T-antigen i.e. that the 
DNA replication function of the large T-antigen (or some function associated 
with it). may catalyse rearrangements of the cellular genome that are selectively 
disadvantageous. Significantly, the super T-antigen is not observed if the 
transforming agent a mutant SV40 lacking an origin of replication (Chen et al, 
1983). This suggests that either viral DNA replication or T-antigen binding to the 
viral origin of replication, or both, may be necessary events in the creation of 
super T-antigens. Furthermore since ori mutants produce wild-type T-antigens 
(94 Kd), and cells are transformed by it, the selective disadvantage postulated by 
Rigby and Lane (1983) must be one of growth rather than viability. Super T-
antigens appear to be the rule rather than the exception. Indeed, Clayton - and 
Rigby (1981) found that of the seventeen viral early transcription units they 
cloned from three lines of transformed mouse cells only two encode wild-type 
large T-antigens. 
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are also commonly found in transformed cells. Clayton and Rigby (1982b) 
demonstrated that a segment of integrated viral DNA cloned from a transformed 
mouse cell line, encoded a truncated T-antigen sequence, which yields a 48 Kd 
protein, the C-terminal amino acids of which are specified by the flanking 
cellular DNA. This protein was sufficient to transform a mouse cell line. 
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Sompayrac and Dana (1988) have reported a 34 Kd protein that also retains its 
transforming ability. 
To summarize, the T-antigen has been observed in mammalian 
cells in a form which is distinct from wild-type T-antigen, except where the 
transforming virus is ori. These super T-antigens retain their ability to transform 
cells, but lose the replication initiation function (of viral DNA at least). 
The possible means of T-antigen mediating reversion are: 
- T-antigen mediates activation/repression of repair genes. SVM(R) may have 
an altered T-antigen where repression is not as stringent as in SVM(M). 
Conversely the T-antigen in SVM(R) may be able to activate a new set of genes. 
- The T-antigen is associated with a -polymerase, acting as a DNA helicase (Stahl 
et a! (1985), Stahl et a! (1986)). A changed T-antigen in SVM(R), may facilitate 
translesion synthesis. 
- T-antigen can mediate initiation of replication (see Martin, 1981). An 
alteration in T-antigen in SVM(R) may lead to greater numbers of initiation 
events. 
- The T-antigen can act as an RNA helicase (Scheffner et al, 1989). ERCC-1, 
a human gene coding for an excision repair protein harbours overlapping 
antisense transcription units in its 3' region (Van Duin et a!, 1989). Any control 
over gene expression by antisense regulation can obviously be altered by a RNA 
helicase. 
All the above predict an altered T-antigen in SVM(R). The 
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event could have caused a change in the structure of the T-antigen in SVM(R) 
compared to SVM(M). Hence, any quantitative or qualitative changes that may 
have occurred in the T-antigens were investigated. The method of assay for the 
T-antigen was Western blot analysis. In any assay system, limits of detection are 
often a concern, especially in biological systems, where thresholds levels can have 
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wide ranging effects on the behaviour of a cell. Hence, a plasmid harbouring the 
T-antigen gene, pSV3neo, was transfected into SVM(M). The transformants were 
pooled, to counter any position effects on the T-antigen gene, and subjected to 
UV irradiation. This would effectively increase the levels of T-antigen in 
SVM(M), and answer the question of whether UV sensitivity is changed. The 
wild-type Indian muntjac cell line, CDM, was similarly treated to examine if 
transformation with the SV40 T-antigen gene can have an effect on the UV 
sensitivity of Muntjac cells per Se. The negative control in the latter experiments 
was provided by pSV2neo, which is similar to pSV3neo but lacks a T-antigen 
gene. 
5.2 RESULTS. 
Fig. 5.1 illustrates a map of wild-type T-antigen and the epitopes 
to which 5 monoclonal antibodies are mapped (Mole et a!, 1987). The antibodies 
were kindly provided by Dr. D.P.Lane. The range of antibodies covers the 
majority of functional domains mapped in the T-antigen (see chapter 1 for a 
review). For example anti-T-antibody 204 has been demonstrated to inhibit T-
antigen binding to p53 (Harlow et a! (1981), DNA polymerase a (Stahl et a!, 
1986), and ATPase activity (Clark et a!, 1981). Hence any change within the 
structural domains of the T-antigen should be detected, either as a change in the 
size of the protein product, and/or a quantitative change in signal intensity. 
These antibodies were used as primary antibodies in Western blot analysis 
against CCII extracts of SVrvI(M) and SWv1(R). COS-7 cells, known to express 
wild-type T-antigen (Gluzman (1981)) and purified T-antigen (kindly provided 
by D.Lane, see Simanis and Lane (1985)) were used as positive controls. CDM 
cell extract provided the negative control. The results are illustrated in Figs. 5.2-
5.6. 
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Fig. 5.1. A schematic representation of SV40 large T-antigen. The numbers above 
the line denote amino-acid positions that delinate the epitopes recognized by a 
variety of anti-large-T monoclonal antibodies. These are shown below the line. 
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Fig. 5.2 Illustrates a Western blot analysis of cell extracts from SVM cell lines. 
The immortalized wild-type Indian Muntjac cell line, CDM, acts as a negative 
control. The Simian cell line, COS-7, is transformed with an on mutant of SV40 
and expresses a wild-type T-antigen, and hence . provides a positive control. The 
cell lysate is marked as COS-7. 
Cell lines were trypsinized to separate the cells from each other and the flask 
matrix, washed three times with PBS, and lysed. SVM (STOCK) * cells were 
scraped off the flask to determine if any trypsin remained after the washing 
procedure, which could generate breakdown products. Since no difference is 
apparent - cells were trypsinized in all subsequent experiments. The method is 
described in chapter 2. 
The primary antibody was a-419. 












8O -  











1 	82 	271 	367 453469 	682 708 I I I 	II IJ 
Fig. 5.2 
Fig. 5.3 Illustrates a Western blot analysis of SVM, CDM, and COS-7 cell lines. 
Additionally purified T-antigen provides a positive control. 
The primary antibody is a-416. 
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Fig. 5.3 
Fig. 5.4 Illustrates a Western blot analysis of SVM, CDM, COS-7 cells and 
purified T-antigen. 
The primary antibody in cz-250. 
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Fig. 5.5 Illustrates a Western blot analysis of SVM, CDM, COS-7 cells and 
purified T-antigen. 
The primary antibody in a-204. 
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Fig. 5.5 
Fig. 5.6 Illustrates a Western blot analysis of SVM, CDM, COS-7 cells and 
purified T-antigen. 
The primary antibody in cc-423. 
Mw represents molecular weight markers. 
Note that the protein product at 76 KD is absent, and that the pattern of 
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The data is tabulated below as size of protein (in Kd) and the major bands 
observed are denoted by bold typeface in the tables. 
Antibody 419: (Fig. 5.2) 
SVM(M) SVM(R) T-ant. COS-7 
100 100 nd 93 
98 98 nd 91 
76 76 nd 74 
17 17 nd 17 
Antibody 416: (Fig. 5.3) 
SVM(M) SVM(R) T-ant. COS-7 
110 110 90 97 
100 100 69 90 
80 80  69 
76 76  
+dp +dp +dp +dp 
dp = degradation products 
IM 
Antibody 250 (Fig. 5.4) 
SVM(M) SVM(R) T-ant. COS-7 
112 112 90 98 
105 105 +dp 90 
84 84  
76 76  
dp = degradation products 
Antibody 204: (Fig. 5.5) 
SVM(M) SVM(R) T-ant. COS-7 
105 105 90 96 
102 102 +dp 90 
76 76  +dp 
IL 	69 * 69 *  
dp = degradation products 
* protein in mammalian cell extracts that cross reacts with x-204 (Lane and 
Hoeffler, 1980). 
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Antibody 423: (Fig. 5.6) 
SVM(M) SVM(R) T-ant. COS-7 
110 110 90 98 
100 100 +dp 90 
90 90 +dp 
There is some variation in size estimates of the same protein on different gels. 
This is due to variations in the gel runs, and errors introduced in the calculation 
of the size of proteins from a standard curve. 
All the antibodies detect a super T-antigen of 100-110 Kd in 
SVM(M) and SVM(R) cell lines, and a truncated T-antigen product of 76 Kd is 
revealed by antibodies 419, 416, 250, and 204 i.e. the carboxy terminus is missing. 
That this is not a degradation product is evidenced by two transcripts for T-
antigen in SVM(M) and SVM(R)- see Fig 5.7. The Northern blot is probed with 
fragments spanning the NdeI-BamHI region of the T-antigen gene. Two 
transcripts are visible at 3000 bases and 2400 bases, measured against the relative 
migration of ribosomal subunits (16s at 1541 bases, 23s at 2980 bases, 28s at 4700 
bases and 18s at 1800 bases). The track marked CDM (pSV3neo) is RNA 
extracted from wild-type muntjac cells (CDM), transformed with a plasmid 
harbouring the wild-type T-antigen gene of SV40. Hence this acts as a positive 
control and reveals a transcript of 2700 bases, which falls in between those 
observed in SVM(M) and SVM(R) and comprises I  two transcripts- one for T-
antigen (reported at 2.3 K bases) and another for the small t-antigen (reported 
at 2.6 K bases). These two transcripts are not clearly resolved on this gel system. 
5.2.1. Effect of expressing T-antigen in CDM and increasing levels of T-antigen 
in SVM(M). 
Fig 5.8 a and b, illustrates the nature of the plasmids pSV2neo and 
pSV3neo that were used to transform CDM and SVM(M).Transfection of 
pSV3neo into these cells results in expression of the T-antigen in CDM or 
increases the level of T-antigen in SVM(M). Transfection with pSV2neo acts as 
a negative control, since it is identical to pSV3neo but lacks the T-antigen gene. 
The bacterial neomycin phosphotransferase (neo) gene allows for selection of 
transformants with the aminoglycoside, G418. Typically these transfection 
experiments resulted in some 20-30 colonies per plate, from an initial cell 
number of 5 x 105 cells. These colonies were pooled and propagated to greater 
numbers. The pooled sample should negate any position effects that might be 
imposed onto expression of the T-antigen gene. 
Fig. 5.9 illustrates a Western blot analysis of CDM, CDM 
(pSV2neo), and CDM (pSV3neo). The primary antibody was 419. It is evident 
that CDM (pSV2neo) is as CDM, and no cross-reacting proteins are expressed 
in the cell lysate. CDM (pSV3neo) expresses the large T and small t antigens of 
wild-type size (94 and 17 Kd respectively). There is no cross reaction of the 
antibody with other cell proteins with this antibody. The morphology of CDM 
(pSV3neo) had changed to multilayered growth and more rounded cells, both 
characteristic of transformed cells. Its generation time was quicker, as judged by 
growth to confluence, compared to CDM and CDM (pSV2neo). The UV 
sensitivity of CDM, CDM (pSV2neo) and CDM (pSV3neo) is illustrated in Fig 
5.10. The points are the mean of two experiments with standard errors of the 
mean shown. 
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Fig. 5.7. A Northern blot analysis for T-antigen in cell lines: 
SVM - SV40 transformed cell line. 
CDM - immortalized cell line acting as a negative control. 
CDM (pSV3neo) - Cell line above transformed with pSV3neo, 	a 
plasmid harbouring the SV40 T-antigen gene (see Fig. 5.8). Hence the RNA 
from these cells acts as a positive control. 
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Fig. 5.8 Illustrates the eukaryotic expression plasmids psv2neo and pSV3neo 
(Southern and Berg, 1982). 
pSV2ñeo consists of the pBR322 region containing the origin of replication and 
the gene confering ampicillin resistance to E.coli harbouring the plasmid. 
Additionally it contains a TWO derived neomycin phosphotransferase (neo) gene, 
placed under the control of the SV40 early promoter, and the 3' processing 
signals of the T-antigen gene of SV40. 
pSV3neo is identical to pSV2neo except that it also contains the SV40 T-antigen 


























Fig. 5.9 Illustrates a Western blot analysis of: 
CDM, CDM pSV2neo and CDM pSV3neo. The latter cell line expresses 
the gene for the SV40 T-antigen. 
SVM(M), SVM(M) pSV2neo, and SVM(M) pSV3neo - the latter cell line 
expresses wild-type T-antigen in addition to its repertoire of super-T and 
truncated-T (apparent also in SVM(M) and SVM(M) pSV2neo). 
COS-7 is a Simian cell line expressing wild-type T-antigen and acts as a 
positive control. 
Note the spacing between COS-7 and other cell lines was a check on any 'spill 
over' of sample to other tacks. 
The primary antibody in a-419. 
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Fig. 5.9 
Fig. 5.10. Single cell survival curves for CDM, CDM pSV2neo and CDM 
pSV3neo. The points represent means of two experiments and standard errors 
about the mean are indicated by the vertical lines about the points. 























Fig. 5.11. Single cell survival curve of SVM(M), SVM(M) pSV2neo and SVM(M) 
pSV3neo, after UV irradiation at various doses. The points represent means of 
three experiments, and standard error about the mean is illustrated by vertical 
error bars around the points. The line joining the points was computer generated 

















Comparison of liv sensitivities of SVM(M), SVM pSV2neo, SVM(M) pSV3neo 
1 	2 	3 	4 	5 	6 	7 	8 	9 	10 
Dose (J/m 2) 
Fig. 5.11 
There is no overall significant change in resistance to UV irradiation, in the 
presence of the T-antigen. A slight sensitivity is apparent at high (10J/m 2) doses, 
but this is not as pronounced as the sensitivity of SVM cell lines. 
Fig. 5.9 additionally illustrates that SVM(M) pSV3neo expresses a 
wild type T-antigen, in contrast to SVM(M) pSV2neo and SVM(M), which 
express, along with SVM(M) pSV3neo, super-T, truncated T and small t antigen. 
The levels of wild-type T-antigen are not as high as in CDM (pSV3neo) and this 
is probably due to the autoregulation by T-antigen of its own transcription (see 
chapter 1 for a review). Hence this lower level of wild-type T-antigen is affected 
by the resident T-antigens in SVM(M) while there is no such repression in CDM. 
Fig. 5.11 illustrates the sensitivities to UV irradiation of SVM(M), 
SVM(M) pSV2neo, and SVM(M) pSV3neo. The points are the mean of three 
experiments with standard errors of the mean shown. There is no significant 
change in resistance to UV with an increased level of T-antigen in SVM(M). 
5.3 DISCUSSION. 
The results above have demonstrated the existence of two mutant forms of T-
antigen in SVM(M) and SVM(R) - one of 100-110 Kd and another at 76 Kd. 
This differs from the wild-type T-antigen form of 94 Kd. The small t antigen is 
unaltered appearing at 17 Kd. These conclusions from Western blot analysis are 
supported by Northern blot analysis that reveal transcripts of 3400 bases and 
2900 bases in SVM(M) and SVM(R). On this gel system wild-type T-antigen was 
measured at 3000 bases. The reported sizes of 'f-antigen and small t-antigen are 
2.3 and 2.6 Kb respectively (Topp et a!, 1980). These two transcripts are not 
easily resolved on this type of gel system, and appear as one thick band. The 
generation of the small t antigen is from the same template as the large T-
antigen, but the template is differentially spliced. Hence the two SV40 early 
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proteins large T and small t, share amino-terminal acids, recognized by antibody 
419 (see Fig. 5.2 and Fig. 5.9), but differ at the carboxyl termini (see chapter 1 
for a review). The figure below illustrates this point. 
5200 ,5000 	4500 	4000 	3500 	3000 	2500 
I 	_I 1 I I I I I 
CO 
C.) CD 	 r-. 	 0 
CM.- c 	 CD tn CM 
Large TRNA AAAAAAA 
to CO 	 CO 
CM 
to U;  
Small t RNA 	 AAAAAAA 
The line numbering represents nucleotide numbering according to Reddy et a! 
(1978). The NdeI sites are indicated on the map. The transcripts for large T and 
small T antigens are shown with the corresponding nucleotide numbers of the 
gene to illustrate the transcript start site, the translation start site and positions 
of splicing events. The boxed areas represent regions that are translated, and the 
shading shows regions of shared epitopes between large T and small t. 
Since wild-type small t-antigen is produced in SVM(M) and 
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SVM(R), the sequence duplication giving rise to the super T-antigen must occur 
3' to the splice site. Evidence from Southern blot analysis and densitometry (see 
chapter 3) was suggestive of a duplication of the NdeI-NdeI fragment of SV40. 
(see figure 3.15 a and b, and discussion in chapter 3). The size increase from 94 
Kd to 100 Kd would require a duplication of some 180 base pairs. 
It is problematic to assign which early unit codes for the observed 
truncated T-antigen. However, the early transcription unit of M2, which by 
probing analysis presented in chapter 3 should produce a functional T-antigen is 
clearly not doing so, as is evident by the lack of a T-antigen of wild-type size. 
The possible reasons for this observation are that: 
an internal rearrangement has caused the reading frame of the T -
antigen message to be altered 
if the unplaced band M6a is assigned between M2 and Ml (see Fig. 
3.15a) then this may be sufficient to disrupt the coding capacity of the early 
transcription unit of M2. 
Hence M4 in integration site 1 or M5 in integration site 2 could code for the 
truncated T-antigen, in a manner reported by Clayton and Rigby (1982b), in that 
the C-terminus is provided by cellular sequences. 
Although the cell lines SVM(M) and SVM(R) produce interestingly 
novel forms of large T-antigen there is no apparent quantitative or qualitative 
differences, in T-antigens, between SVM(M) and SVM(R). Subtle changes in 
amino-acid sequence that do not form part of the epitope of the antibodies, or 
a slight change in size would not have been detected in the assays used. This lack 
of difference is not merely a question of small changes in quantity beyond the 
sensitivity of the assay, since increasing levels of T-antigen in SVM(M) did not 
have an effect on its level of resistance to UV irradiation. 
The experiment of introducing the T-antigen genes into wild-type 
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cells (CDM), illustrated that the T-antigen per se is not enough to cause a change 
in UV sensitivity of a cell line, i.e. CDM, CDM pSV2neo and CDM pSV3neo 
are equally resistant to UV killing. This observation argues against the suggestion 
made by Pillidge et al (1986b) that perhaps viral transformation of the Indian 
Muntjac genome results uniquely in gross and general reduction of cellular 
responses to DNA damaging agents. This argument was supported by a' report 
of Raff and Sugahara (1980) working with a retrovirally transformed Indian 
Muntjac cell line displaying a massive inducibility of SCEs and cytotoxicity with 
alkylating agents. The observations reported above would suggest that viral 
transformation of Indian Muntjac cells is not sufficient to bring about a change 





The preceding work has elaborated on the integration of SV40 in 
a cell line, SVM, mutant in some aspects of DNA repair, and in a spontaneous 
partial UVR  revertant SVM(R). There is a change at the viral/cellular DNA 
junction in the partial revertant, in that the SV40 enhancer/origin of replication 
region has been duplicated. This duplication has not resulted in any detectable 
difference, either qualitatively or quantitatively, in the T-antigen of SV40, the 
most biologically active product of the SV40 genome. This chapter describes the 
cloning of the cellular sequences flanking the viral/cell DNA junction, in order 
to generate probes for the flanking sequence. These probes enable any effect the 
duplication has on the flanking sequence to be elucidated. 
A genomic library in a X replacement vector (EMBL4, see Kaiser 
and Murray, 1985 for review) was constructed from SVM(M) DNA, and probed 
with SV40 sequences, to isolate clones bearing part of integration site 1 and 
some flanking sequence. This flanking sequence was restriction mapped, repeats 
identified in the region, and a unique fragment defined that had no repeats. This 
fragment was used in subsequent studies, and initially used to confirm that the 
clone in hand was indeed part of the flanking sequence. 
6.2 RESULTS. 
Fig. 6.1 illustrates a Southern blot analysis of SVM(M) and 
SVM(R) DNA restricted with EcoRI and probed with radiolabeiled SV40 DNA. 
This analysis reveals two fragments, at 15Kb and 25Kb for SVM(M) and 17Kb 
and 25Kb for SVM(R). Clearly the smaller of the two band harbours the further 
duplication of the enhancer/origin of replication region of SV40 in SVM(R). 
SVM(M) DNA was chosen as the insert DNA for the 
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Fig. 6.1. Illustrates a Southern blot analysis of SVM(M) and SVM(R) DNA. The 
DNA was restricted with EcoRI. The probe was radiolabelled SV40. Note the 
difference in the lower fragment of the doublet, which increases in size in 
SVM(R), i.e. from 15Kb to 17 Kb. M(Kb) refers to molecular size markers. 
Fig. 6.2. Illustrates DNA from ) clones restricted with EcoRI and size 
fractionated. This liberates the ) arms and the insert DNA. The ). arms are 
apparent at 20.2 Kb and 9.2 Kb. The insert DNA varies between the clones. The 
clones were selected and purified from a library with twice gel purified 
radiolabelled SV40 DNA. M(Kb) refers to molecular size markers. 
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library, since it displayed the parental integration pattern, and the A clones it 
generated may be useful in future studies. 
EcoRI restriction of SVM(M) DNA with subsequent ligation into 
EMBL4 generated a library of approximately 106 clones, which were probed with 
labelled SV40 DNA, that had been twice gel purified (see methods and 
materials, chapter 2 for more details). This screening yielded 7 clones of which 
a representative sample is illustrated in Fig. 6.2. All clones were purified to 
homogeneity. i.e. every plaque on a plate hybridized with radiolabelled SV40 
DNA. Fig. 6.2 illustrates four A clones, restricted with EcoRI. Hence visible in 
all tracks are the A arms of EMBL4 at 20.2 Kb and 9.2 Kb. Additional bands are 
the inserts in the various A clones. Specifically, 
Clone 1 has three inserts of approximately 15Kb, 2.5Kb, and 1Kb. 
Clone 6 has two inserts of approximately 15Kb and 2.9Kb. 
Clone 7 has three inserts of 7100bp, 4000bp, and 3400bp. 
Clone 11 has one insert of approximately 20Kb. 
Multiple insertions were to be expected since the insert DNA was not size 
purified. The 15Kb insert of clones 1 and 6 represent the small EcoRI fragment 
revealed in Fig 6.1., while the larger insert of clone 11(20Kb) represents the 
larger fragment. 
6.2.1 The difference between clone 1 and clone 11. 
On probing to plaques of A clones 1, 7, 6, and 11, with the EcoR!-
Ba,nffl probe of SV40 (see Fig. 111), all clones except clone 11 hybridized with 
the probe. This result is predicted by the integration site analysis in chapter 3. 
Referring to Fig. 3.11 only fragment Ml hybridized with the EcoRI-BamHI 
fragment of SV40. It was the only component on the integration sites that 
retained the EcoRI and Bami-IT recognition sites of SV40. Since restriction of 
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SVM(M) DNA with EcoRI, followed by hybridization with SV40 reveals two 
fragments (see Fig. 6.1) at 15Kb and 25Kb, and integration site 2 is predicted not 
to have an EcoRI recognition site (see Fig. 3.14), one of the fragments comprises 
of part of integration site 1 and flanking cellular sequence, and the second 
fragment comprises part of integration site 1, the cellular sequence separating 




Cellular DNA 	 I 
2) 
Integration site 1 
The shaded box regions represent SV40 integration sites, while the lines 
represent cellular DNA sequences. 
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Clone 1 resembles 2) above, since it is comprised of integration site 1, and the 
rest is flanking sequence (see below). Note also that it is the fragment that has 
changed between SVM(M) and SVM(R). 
Clone 7 has an insert that hybridizes to SV40 sequences, but is not 
seen on Southern analysis of SVM(M) DNA after by EcoRI restriction. It could 
comprises of DNA that arose from; 
deletion and rearrangement during the cloning procedure into A. 
Rearrangement in a minority of cells comprising the SVM(M) cell 
population that has been captured by the A cloning. 
Further characterization was performed on clone 1, and is described below, since 
it contains an insert that has changed between SVM(M) and SVM(R). 
6.2.2 Cloning of the 15Kb EcoRI fragment from A clone 1 into pUC8. 
The 15Kb EcoRI fragment from A clone 1 was cloned into pUC8, 
to make it more amenable to manipulation. The clone was generated by excising 
the fragment from A by EcoRI restriction, and cloning into EcoRI restricted 
pUC8. This plasmid was designated pNVS6. 
6.2.3 Mapping of pNVS6. 
Fig. 6.3 illustrates an ethidium bromide stained agarose gel with 
size fractionated fragments of pNVS6, that had been exposed to various 
restriction enzymes. 
Fig. 6.4 illustrates an autoradiogram derived from Southern blotting 
and hybridization with labelled SV40, of the gel from Fig. 6.3. Hence fragments 
can be identified that are either the SV40 integration sequence or the flanking 
sequence i.e in the latter case fragments apparent in Fig. 6.3 but not in Fig. 6.4. 
Note that the Scal restriction was partial. 
The diagram on the next page represents the restriction enzyme 





The double line represents SV40 DNA, the thick line represents flanking DNA 
sequences, and the thin line pUC8. The diagram is not to scale. The single 
letters B (BamHI), P (PstI) and H (HindIII) represent restriction enzyme 
recognition sites of the pUC vector. The insert contains multiple restriction 
enzyme sites for Taqi, HindIII, and PszI which ate 1101. illustrated on the map. 
As can be predicted from the results presented in chapter 3, ScaI provides a 
useful restriction digest of pNVS6, such that the insert can be conveniently 
separated into SV40 and flanking sequences. 
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Fig. 6.3. Illustrates an ethidium bromide stained agarose gel of pNVS6 fragments 
size fractionated after the DNA had been exposed to a variety of restriction 
endonucleases. The enzymes used are indicated above each track. For example, 
The track on the extreme right is fragments of pNVS6 after incubation with 
EcoRI. Hence this results in a fragment at 2.6Kb (pUC8) and the insert DNA at 
15 Kb, i.e. SV40 and flanking DNA sequences from ). clone 1.The ScaI 
restriction is partial. M(Kb) refers to molecular size markers. 
Fig.6.4. Illustrates an autoradiogram derived from Southern blotting and 
hybridization with radiolabelled SV40 DNA of the gel illustrated in Fig 6.3. This 
analysis identifies fragments that comprise SV40 DNA -and those that are 
flanking DNA. The tracks are marked as in Fig. 6.3. The ScaI restriction is 
partial. M(Kb) refers to molecular size markers. 
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Fig. 6.3 	 Fig. 6.4 
The arrangement of Ml and M3 in Fig. 3.15 is correct. 
Note that the TaqI digest of pNVS6, and its subsequent Southern 
hybridization with SV40, reveals a signal from two fragments at 3.6Kb and 3.1Kb. 
This would be expected of fragments M3 and part of Ml as depicted in Fig. 3.15. 
If the arrangement was as in 1) on page 150 three bands would be expected, i.e. 
band M2 at 4100 bp. 
Also fragment M6a cannot be placed between Ml and M3, since 
no signal is revealed at 2100bp in Fig. 6.2. 
6.2.4 Identification of repetitive sequences in the flanking cellular DNA. 
ScaI and EcoRI double restriction of pNVS6, provides a convenient 
means of isolating flanking cellular sequences, on a 4800bp fragment. Fig. 6.5 
illustrates an ethidium bromide agarose gel of pNVS6 or the purified 4800bp 
flanking DNA fragment, size fractionated after the DNA had been exposed to 
various enzymes. 
Fig. 6.6 illustrates an autoradiogram derived from Southern blotting 
and hybridization with radiolabelled SVM(M) DNA, of the gel from Fig. 6.5. 
Hence, since radiolabelling total DNA will effectively label highly repetitive 
sequences, this experiment allows identification of highly repetitive sequences in 
the DNA flanking the SV40 integration. Note that SV40 sequences provide an 
internal control. For example in Fig 6.3 and 6.4 the SV40 containing HindIll 
fragments at 1700bp and 1850bp are revealed on probing with SV40. However, 
these fragments do not generate a signal on probing with labelled total SVM(M) 
DNA -which harbours multiple copies of the SV40 genome (see Fig. 6.5 and Fig 
6.6). 
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Fig. 6.5. Illustrates an ethidium bromide agarose gel of pNVS6 DNA fragments, 
or of fragments of flanking sequence that are derived from the 4800bp fragment 
of pNVS6 (revealed by EcoRI/ScaI restriction). The fragments are size 
fractionated after exposure to various restriction enzymes. Hence on the extreme 
right pNVS6 is restricted with EcoRI, revealing pUC8 (2.6Kb) and the 15Kb 
insert DNA. The neighbouring track illustrates the 4800bp fragment purified 
from pNVS6 after ScaI/EcoRI restriction (see Fig. 6.3) Further aliquots of this 
fragment were restricted with a variety of enzymes and are indicated in tracks 
marked F. Tracks marked 6 refer to pNVS6 DNA. Each track heading also 
indicates the restriction enzyme to which the DNA had been exposed. M(Kb) 
refers to molecular size markers. 
Fig. 6.6. Illustrates an autoradiogram derived from Southern blotting and 
hybridization with radiolabelled SVM(M) DNA, of the gel illustrated in Fig. 6.5. 
This reveals fragments which harbour highly repetitive sequences. The tracks are 
marked as in Fig. 6.5. Hence the track on the extreme right reveals the 15Kb 
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Fig 6L9 	 Fig.6.6 
With reference to Fig. 6.5 and Fig. 66, the EcoRl/Scal generated 
4800bp fragment, on PsrI restriction reveals three fragments at 3000bp, 1000bp 
and 900bp. The 3000bp fragment is the largest fragment generated by any of the 
restriction digests that does not contain a highly repetitive sequence, and hence 
was further characterized. 
6.2.5 Characterization of the 3000bp PstI generated fragment of pNVS6. 
The 3000bp fragment was gel purified after pNVS6 had been restricted with Pstl 
and the fragments size fractionated by electrophoresis. The fragment was purified 
from the gel and cloned into PstI restricted pUC8. The recombinant plasmid so 
generated was designated pNVS7. Fig 6.7 shows an ethidium bromide gel of 
pNVS7 fragments, size fractionated after the DNA had been exposed to various 
restriction enzymes. From this data the following restriction map is derived: 




Hind III 	 Acc VJ 	'-BamH I * 
600 bp 	 1600 bp 	 500 bp 300  bp 
pNVS7 
(5.5 Kb) 
pUC8 (2.6 Kb) 
* indicate restriction enzyme sites of the pUC vector. 
The thick line represents insert DNA, the thin line represents vector (pUC8) 
DNA. The diagram is not to scale. 
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1. 
Fig. 6.7. Illustrates an ethidium bromide stained gel of fragments of pNVS7, size 
fractionated after the DNA had been exposed to various restriction enzymes. The 
tracks are marked with the enzyme or combination of enzymes with which the 
DNA had been incubated. M(Kb) indicates molecular size markers. 
Fig. 6.8. Illustrates a Southern blot analysis of CDM, SVM(M), and SVM(R) 
DNA. The DNA had been restricted with EcoRI, and probed with the insert of 
pNVS8, i.e. a 600bp fragment of DNA flanking SV40 integration site 1. Note that 
SVM(R) and SVM(M) are from autoradiograms after 1 week exposure, and 
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Although not containing highly repetitive sequences the 3000bp PstI generated 
flanking sequence fragment, cloned into pUC8 to give pNVS7, harbours 
moderately repetitive sequences, i.e. when used as a probe on Southern blot 
analysis of restricted SVM(M) DNA, it resulted in a signal that was effectively 
a smear covering the entire track (data not shown). 
Hence pNVS7 was dissected further by subcloning various 
fragments in order to identify and eliminate fragments containing repeats. 
Subcloning from 12NVS7. 
The following fragments were subcloned into pUC8: 
800bp Hindlil - AccI fragment. 
600bp HindIII - AccI fragment 
1600bp HindIII - AccI fragment 
The cloning strategy comprised of restricting pNVS7 with AccI, and 'filling-in' the 
overhang created by this enzyme with the Klenow fragment of E.coli DNA 
polymerase I, hence making all the fragments generated by AccI restriction blunt 
ended. These fragments were then restricted with HindIII, and the DNA size 
fractionated by electrophoresis. The 600bp, 800bp, and lóOObp fragments were 
purified from the gel, and cloned into Smal and HindIII double restricted pUC8. 
The plasmids were designated pNVS8, pNVS9, and pNVS10, i.e. 
pNVS8 - pUC8 + 600bp fragment 
pNVS9 - pUC8 + 800bp fragment 
pNVS10 - pUC8 + lóOObp fragment 
The inserts can be conveniently excised by restriction with the enzymes EcoRl 
and HindIII. On Southern analysis of restricted SVM(M) DNA, the inserts of 
pNVS9 and pNVS10 resulted in signals that were effectively smears characteristic 
of repeat sequences. Hence these fragments contained sequences that are 
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moderately repeated in the Indian Muntjac genome. 
Probing with the insert of pNVS8 resulted in clearly defined bands, 
indicating that this fragment of the flanking DNA contained no sequences that 
were repetitive in the Muntjac genome. 
Polymorphism revealed by the insert on 12NVS8. 
Fig. 6.8 illustrates a Southern blot analysis of SVM(M), SVM(R) 
and CDM DNA after EcoRI restriction. The probe is the insert of pNVS8. The 
autoradiogram reveals a single fragment of 12 000bp for CDM, two fragments 
at 12 000bp and 15 000bp for SVM(M), and two fragments at 12 000bp nd 17 
000bp for SVM(R). Two types of polymorphism are apparent. The first is the 
polymorphism between CDM and the SVM cell lines which is due to the 
insertion of SV40 into one chromosome, of a diploid pair. Hence the 12 000 bp 
fragment common to all cell lines is derived from the unaffected chromosome 
in the SVM cell lines and from both chromosomes in CDM. The integration of 
SV40 into SVM cell lines has resulted in a new EcoRI generated fragment at 15 
000bp in SVM(M), and at 17 000bp in SVM(R). This difference between 
SVM(M) and SVM(R), is the second polymorphism, and is due to the 
duplication of the enhancer/origin of replication in SVM(R) at the viral/cellular 
DNA junction. 
6.3 DISCUSSION. 
This chapter has described the characterization of SVM(M) cellular 
DNA sequences flanking the SV40 integration. Specifically it describes the 
flanking sequences that neighbour the change observed in SV40 integration 
between SVM(M) and SVM(R). 
The ) clones obtained can be combined to cover the integrations 
of SV40 in SVM(M) i.e. ) clones 1 and 11. The characterization of clone I has 
allowed the confirmation of the nature of integration site 1, considered in 
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chapter 3. 
The flanking DNA was rich in sequences that are highly or 
moderately repeated in the Muntjac genome. This is not exceptional since 
repeated sequences are found dispersed throughout eukaryotic genomes (Britten 
and Kohne, 1968). In human cells, for example, repeated sequences are found 
at intervals of a few thousand base pairs throughout at least 80% of the genome 
(Schmid and Deininger, 1975). Since all phage and cosmid vectors have a size 
limit that is well in excess of the distance between repeated sequences, most 
genomic clones contain at least one representative of highly repeated sequences 
(Maniatis et a!, 1978). The presence of such repetitive elements limits the use of 
these genomic clones as hybridization probes for Southern blot analysis, where 
a smear of repeat hybridization obscures signals produced by low copy 
components. Hence subcloning is necessary to free clones of repeated sequences. 
The genomic clone of the cellular DNA flanking the SV40 integration site, 
reported above was reduced from a convenient ScaI/EcoRI 4 800bp fragment to 
a 600bp fragment, in order to eliminate all repetitive sequences. 
Use of the 600bp fragment as a probe for Southern analysis of 
SVM(M) DNA has confirmed that it is unique (i.e. lacking repeats) and is 
derived from sequences flanking the SV40 integration - evident as RFLP's 





Cloning of the cellular DNA flanking a SV40 integration site in 
SVM(M), has generated a unique probe, that can be used to analyze this region. 
This cellular sequence may reveal a transcription unit that is changed in 
SVM(R), compared to SVM(M). That is, the duplication of the enhancer/origin 
of replication of SV40 at the virus/cell DNA junction in SVM(R) results in 
altered transcriptional activity in the flanking cellular DNA that in turn is causal 
to the partial reversion to UV resistance observed in SVM(R). 
This chapter describes the analysis of transcriptional units in this 
flanking sequence by Northern blot analysis. Furthermore the orientation of a 
transcriptional unit, with respect to the SV40 integration site, and the effect of 
the SV40 enhancer on the level of transcription are described. 
7.2 RESULTS. 
7.2.1 Sequences flanking the SV40 integration harbour transcription units. 
Fig 7.1 illustrates an autoradiogram, obtained by size fractionation 
of total RNA, derived from CDM, SVM(M), and SVM(R) cells; Northern 
blotting and hybridization with radiolabelled insert from pNVS8, i.e. a 600bp 
fragment of cellular DNA flanking the SV40 integration site. This analysis reveals 
transcription units in the DNA flanking the SV40 integration, with signals 
apparent at 11 Kb in all cell lines, and signals apparent a t 2~9'- Kb in SVM(M) 
and SVM(R). These sizes are relative to E.coli ribosomal RNA at 23s (2980 
bases), 16s (1541 bases) and Muntjac ribosomal subunits at 28s (4700 bases) and 
18s (1800 bases). 
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Fig. 7.1. Illustrates a Northern analysis of RNA extracted from CDM, SVM(M) 
and SVM(R). These RNA's were size fractionated onto nylon membrane and 
probed with the insert of pNVS8 i.e. a 600bp fragment of Muntjac sequence that 
flanks SV40 integration site I. This probe contains no sequences that are 
repeated in the Muntjac genome. The 11Kb and 2.2Kb transcripts are indicated. 
Fig. 7.2. Illustrates a Northern analysis of RNA extracted from CDM, SVM(M) 
and SVM(R). Total RNA from SVM(M) and SVM(R)was treated with either 
DNAase or RNAase before size fractionation, to confirm that the signals 
observed in Fig. 7.1 were not DNA. The probe used is the insert of pNVS1O i.e. 
a 1600bp fragment of Muntjac sequence that flanks integration sitel and contains 
sequences that are moderately repeated in the Muntjac genome. This probe is 
a neighbouring fragment of the probe used in Fig. 7.1. Note that the 2.2Kb 
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That the nature of these signals is due to RNA, is illustrated in Fig. 
7.2. Here SVM(M) and SVM(R) total RNA was subjected to Northern analysis 
after the RNA had been treated with RNAase, DNAase, or untreated. The filter, 
in this example, was probed with radiolabelled insert DNA from pNVS10, i.e. a 
1600 bp fragment of flanking sequence, that contains moderately repeated 
sequences. It reveals no signals if the RNA has been treated with RNAase, but 
a signal is apparent where RNA has not been pretreated or incubated with 
DNAase. Hence the signal is due to RNA, and not any chromosomal DNA 
contamination of the RNA preparations. Interestingly the signal at 2.1Kb is not 
apparent in this Northern analysis using the 1600 bp probe, i.e. it is specific to 
the 600bp insert of pNVS8. Note that the 1600bp probe neighbours the óOObp 
probe (see map of pNVS7 on page 211). This transcript could be generated by: 
alternative splicing or differential polyadenylation of the pre-mRNA 
which excludes the region complementary to the 1600bp probe but includes the 
region complementary to the 600bp probe. 
It may be due to another transcriptional unit in this region i.e. 
producing an antisense transcript, which includes the 600bp region but not the 
lóOObp region 
the 600bp probe may harbour sequences that are complementary to 
sequences of a transcript not originating from the flanking DNA i.e. non-specific 
hybridization. 
7.2.2 The 11Kb transcript is overexpressed in SVM cell lines. 
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compared by referring to another transcript which is known to be invariable 
between cell lines. Transcripts coding for structural proteins, such as actin or 
tubulin have been extensively used as reference points because the transcripts are 
ubiquitous and abundant. Fig. 7.3. illustrates the reprobing of the filter used to 
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generate the autoradiogram in Fig 7.1, with radiolabelled mouse actin cDNA 
(Minty et al, 1981). 
Two transcripts at 1.6 Kb and 1.1Kb are apparent in SVM cell 
lines, and one transcript at 1.6 Kb in CDM. The difference between CDM and 
SVM cell lines is due to transactivation of the actin genes as a consequence of 
the T-antigen of SV40, present in SVM cell lines but not in CDM. Hence the 
transcript at 1100 bases is the activation of the skeletal muscle àctin gene, usually 
not expressed in fibroblast cells (Vandekerckhove and Weber, 1978). The actin 
transcripts do however provide a means of assessing transcription between SVM 
cell lines. 
Densitometric analysis reveals that the ratio of signal for the 11Kb 
transcript : skeletal actin transcript is similar in both SVM(M) and SVM(R), 1.1 
and 1.2 respectively. 
A better means of comparison for RNA loading is illustrated in 
Fig. 7.4. This is a reproduction of an ethidium bromide stained agarose gel with 
RNA that was subsequently blotted and used to generate the autoradiograms in 
Figs. 7.1 and 7.3. The Muntjac 28s and 18s ribosomal RNA subunits are 
apparent, as are the E.coli ribosomal subunits at 23s and 16s. If these are taken 
as indicators of loading, the SVM(M) track has less RNA compared with the 
SVM(R) and CDM tracks, which are equal. However the comparison of 
ribosomal subunits may not be an ideal indicator of loading since ribosomal 
protein activity is altered by the presence of the T-antigen (Contra and Meisler, 
1977). The smear between the subunits (presumably —RNA) is also indicative 
that the SVM(M) track has less RNA loaded compared with SVM(R) and CDM. 
However comparing the signal of the 1 1K transcript (see Fig. 7. 1), it is apparent 
that this RNA is more abundant, with respect to total RNA, in SVM(M) and 
SVM(R) compared with CDM. A conservative estimate would be that the 
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Fig. 7.3 Illustrates an autoradiogram obtained after reprobing the filter used to 
generate the autoradiogram in Fig. 7.1 with radiolabelled mouse actin cDNA. 
Note that two transcripts at 1.6Kb and 1.1Kb are apparent in SVM cell lines but 
only the 1.6Kb transcript is seen in CDM. 
Fig. 7.4. Illustrates ethidium bromide stained RNA from CDM, SVM(M) and 
SVM(R), size fractionated before being blotted to a nylon membrane. This gel 
generated the autoradiograms illustrated in Fig. 7.1 and 7.3. The ribosomal 
subunits at 28s and 16s are apparent, as are the ribosomal subunits of E.coli, 
used as reference markers. 
Fig. 7.5. Illustrates an autoradiogram of a Northern analysis of CDM, CDM 
pSV2neo, CDM pSV3neo and SVM(R) RNA. The cell line CDM pSV3neo 
produces T-antigen, and this illustrates that the 11Kb transcript is not more 
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transcript is overexpressed 5-10 fold. 
The 11Kb transcript is not transactivated by the T-antigen. 
Fig 7.5 illustrates an autoradiogram of RNA from SVM(M), CDM, 
CDM pSV2neo and CDM pSy3neo, size fractionated; Northern blotted and 
hybridized with the insert of pNVS10,.i.e. a 1600bp fragment from the flanking 
sequence. The cell line CDM pSV3neo, expresses the T-antigen, while CDM and 
CDM pSV2neo do not (see Fig. 5.9). The level of signal for the 11Kb transcript, 
apparent in the SVM(R) RNA, is not changed between CDM, CDM pSV2neo 
and CDM pSV3neo. Hence the level of transcript is not elevated due to the 
presence of the T-antigen (acting in trans), and is probably mediated by the close 
proximity of the SV40 enhancer (acting in cis). 
Transcription that results in the 11Kb transcript occurs away from the SV40 
integration site. 
A probe was generated for Northern blot analysis by cloning the 
600bp insert of pNVS8 into mp18 and mp19 (Messing, 1983). These 
bacteriophage M13 derived vectors are identical except for the polylinker region, 
which is reversed. Therefore the single stranded phage of mp18 and mp19 
harbour complementary strands of the 600bp insert of pNVS8 and are designated 
mpl8(600) and mpl9(600) respectively. These recombinant phages were used to 
sequence the 600bp insert, and the sequence can be found as an appendix to this 
work. The single stranded recombinant phage also act as a template for the 
synthesis of a complete complementary strand to the insert. 
The synthesis of a complementary strand enables a specific strand 
to be labelled, i.e. by priming DNA synthesis using the M13 universal primer and 
extending the synthesis with the Klenow fragment of DNA polymerase I, in the 
presence of radiolabelled nucleotides. The resulting double stranded insert can 
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Fig. 7.6. Illustrates a means to generate DNA probes uniquely radiolabelled on 
one strand. Essentially a complementary strand is synthesized on an M13 single 
stranded template by initiating synthesis from the universal primer. In the 
diagram the arrows differentiate the two complementary strands of DNA cloned 
from the plasmid pNVS8. With respect to SV40 integration site the insert DNA 
next to the HindIII site is proximal to SV40 sequences while the insert DNA next 
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purify 600bp fragment 
from gel 
be excised by incubating the product of the synthesis reaction with the restriction 
enzymes EcoRI and HindIIl, and the fragment used as a probe. Fig 7.6 illustrates 
this procedure. 
Fig. 7.7 illustrates an autoradiogram derived from hybridizing 
CDM, SVM(M) and SVM(R) RNA with the 600 bp insert of pNVS8, where only 
one of the DNA strands was radiolabelled. 
An internal control is provided by spotting 5ig of the mpl8(600) 
or mpl9(600) template used for the synthesis of the probes, onto the filters. 
Hence the probe preferentially hybridizes to the template on which it was 
synthesised, mpl9(600) and mpl8(600) for Fig. 7.7a and 7.7b respectively. There 
is some signal generated by the spotted negative controls i.e. mpl9(600) on Fig. 
7.7b and mpl8(600) on 7.7a. This is .presumably due to either networking of the 
strands (since the strand complementary to the labelled strand is available in the 
hybridization) or there has been carry-over of some labelled vector sequences 
from the gel purification which is unavoidable. However the probes preferentially 
hybridize to one strand. 
There is a signal generated by the probe synthesized on the mp19 
template, but not the mpl8(600) template, at 11Kb. This is most apparent for 
SVM(M). Therefore the mpl9(600) template harbours the sense sequence, and 
the mpl8(600) template the antisense sequence. The diagram below represents 
the orientation of the transcript with respect to the SV40 integration site. 
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600bp 
direction of transcription 
The arrangement of the PstI site relative to the AccI site is derived from the map 
of pNVS7 (see page 211). Since the 
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Fig. 7.7. Northern blot analysis of CDM, SVM(M) and SVM(R) RNA, using 
single strand specific probes. Note that mp18(600) and mp19(600) were spotted 
onto the filters as controls and are apparent as spots at the top of the filters. The 
filter illustrated in Fig. 7.7a was probed with the labelled DNA synthesized on 
mp19(600) and the filter in 7.7b with the DNA synthesized on mpl8(600). The 
11Kb transcript is only apparent in SVM(M) and SVM(R) RNA when the filter 
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Fig. 7.7 
antisense strand (i.e. one that is synthesized on the mpl9(600) template or that 
which is inserted into mpl8(600)) runs in a 5'-3' direction encountering AccI and 
then PstI, the sense strand must be orientated in the opposite direction, i.e. the 
PstI site 5' to the AccI site with respect to the direction of transcription, of the 
11 Kb transcript. Hence the transcription unit for the 11Kb transcript must be 
orientated such that transcription occurs away from the SV4O integration site. 
7.3 DISCUSSION. 
This chapter has demonstrated the existence of transcriptional units 
within the DNA flanking the SV40 integration site. These units produce a 
transcript of 11Kb, revealed by probing with anyone of two fragments of DNA 
(600bp or lóOObp fragments from pNVS7) comprising the flanking sequence, and 
one transcript of 22 Kb, that is revealed by the insert of pNVS8, i.e. the 600bp 
fragment from the flanking sequence that lacks any repeats. 
Both of these transcripts are detectable in SVM(M) and SVM(R), 
while for equivalent amounts of RNA the 11Kb transcript is barely detected in 
CDM. Hence, the 11 Kb transcript is overexpressed in SVM(M) and SVM(R). 
This overexpression is not mediated via transactivation of the gene by the SV40 
T-antigen, made evident by the cell line CDM pSV3neo, which expresses the T-
antigen, but does not reveal an increased level of the 11Kb transcript, compared 
to CDM and CDM pSV2neo. These observations tend to suggest that the 
overexpression is mediated by the close proximity (within 1-3Kb) of the SV40 
enhancer, to the promoter region of the 11  Kb transcript. Note that the position 
on the standard curve of RNA species larger than 28s deviates significantly from 
linearity (Lehrach et a!, 1977). Since the value of the 11Kb transcript was 
calculated by linear extrapolation of the standard curve, the size represents a 
minimum estimate of the actual size of the transcript. 
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The small 2.8Kb transcript, revealed by one probe (600 bp insert 
of pNVS8) 5' to the start site of the 11Kb transcript with respect to another 
probe (1600 insert of pNVS10) that does not reveal the transcript could be due 
to: - 
alternative splicing or alternative polyadenylation retaining the 5' sequence 
complementary to the 600bp fragment but not the sequence complementary to 
the 1600bp fragment. 
antisense transcription of the complementary strand (in the opposite direction) 
to the 11Kb transcript. This transcription unit would have to be within the gene 
for the 11Kb transcript and include the sequence spanned by the 600bp fragment 
but not the lóOObp fragment. This type of transcription has been reported for the 
human excision repair gene ERCC1 which harbours overlapping antisense 
transcription units in its 3' region. Hence the 3' probes but not the 5' probes will 
detect the antisense transcript (Van Duin et al, 1989). 
The 600bp probe may harbour sequences that are complementary to DNA of 
a transcript not originating from the region flanking the SV40 integration site. 
The experiment illustrated in Fig. 7.7 is unable to distinguish 
between these possibilities since the effective concentration of probe in the 
experiment is very low. This is due to the presence in the hybridization mix of 
equimolar amounts of complementary unlabelled sequences. Hence the 11Kb 
transcript is not easily detectable and there is no signal apparent for a 22Kb 
transcript (the level of which is low compared to the 11Kb transcript - see Fig. 
_71\ 
1.1). 
A conclusion cannot be drawn about any overexpression of the 
2.8Kb transcript in SVM cells compared to CDM cells since this transcript is not 
detectable in CDM cells. 
The level of overexpression of the 11 Kb transcript in SVM cells 
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is not significantly different between SVM(M) and SVM(R), made evident by 
comparing the ratio of signal from the actin transcript to the 11Kb transcript. 
Hence variation in overexpression of the 11Kb transcript cannot be the cause of 
the partial UVR  reversion event observed for SVM(R). The level of the 2.2Kb 
transcript may differ between SVM(M) and SVM(R). For example, the level of 
differences in signals for the actin transcripts in SVM(M) and SVM(R) (see 
Fig.7.3), is not paralleled by the 2.2 transcript revealed by the 600bp insert of 
pNVS8 in Fig. 7.1, i.e. this transcript would appear to be at a higher level in 
SVM(R) compared to SVM(M). 
These observations can be fitted together in the following model. 
The integration of SV40 into SVM(M) has placed an enhancer close to a 
transcriptional unit which codes for a 11Kb transcript such that it causes 
enhancement of transcription to saturation (maximal) levels. Therefore, 
duplication of the enhancer in SVM(R) has no effect on the level of aberrant 
overexpression of this transcript. The enhancer has a further effect on another 
promoter distal to the one initiating transcription of the 11Kb RNA, but not to 
the same extent due to a greater distance between the enhancer and the 
promoter. This promoter initiates transcription of RNA on the strand 
complementary to the sense strand for the 11Kb transcript, producing a 2.2Kb 
antisense RNA. The level of this transcript varies between SVM(M) and 
SVM(R) in that it is greater in SVM(R). Its increase is due to the duplication 
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therefore its product is causal to the UV sensitivity of SVM(M), enhancement 
of antisense transcription in SVM(R) may mediate its partial UVR  reversion. 
Two clearly discernable and separate questions arise from this 
model: 
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is the overexpression of the 11Kb transcript responsible for the UV sensitive 
phenotype of SVM(M), and, 
is the partial UVR  reversion of SVM(R) mediated by upregulation of a 
transcript complementary (i.e. antisense) to the 11 Kb transcript. 
The possibility also exists that overproduction of the 11 Kb 
transcript is not responsible for the thutant phenotype of SVM(M) and that the 
SV40 integration has played no role in generating the mutant phenotype of 
SVM(M) or in mediating the reversion event of SVM(R). 
The question of whether the overexpression of the 11 Kb transcript 
is causal to the mutant phenotype of SVM(M), is clearly the primary question 





The preceding chapter described the characterization of cellular 
DNA sequences (using a probe derived from DNA flanking a SV40 integration 
site) in Muntjac cell lines. The probe revealed a transcription unit producing a 
11 Kb transcript that is clearly overexpressed in SVM cell lines sensitive to UV 
irradiation, compared with CDM - a cell line designated wild-type with respect 
to its UV sensitivity. It raised the intriguing possibility that this overexpression 
may be causal to the DNA repair defect of SVM(M), and a possible means by 
which partial reversion may be mediated in SVM(R) was also suggested, which 
was dependent on overexpression of the 11 Kb transcript being causal to the 
mutant phenotype of SVM(M). This chapter describes a means to test this 
hypothesis. 
Clearly any method of testing this hypothesis requires the 
manipulation of expression of a specific gene in vivo. Current strategies to 
achieve this are: 
Gene disruption - that is in some organisms a wild-type gene can be 
disrupted or replaced by a mutant version by homologous recombination. This 
method has been extensively used in yeast (Rothstein, 1983) and other lower 
eukaryotes, i.e. Aspergilus and Dictyosteliuni. In higher eukaryotes wild-type genes 
have been targeted (Smithies et a! (1985), Thomas and Capecchi (1986), Jasin 
and Berg (1988)) and more reports have now appeared especially combining 
electroporation and embryonic stem cells (see (_o.pcckL, 14 `91) 
Antisense RNA - this technology relies on production of 'antisense 
RNA' in vivo i.e. by transcription of the antisense strand of DNA, to hybridize 
with the sense strand of RNA and prevent translation from this transcript. There 
have been some notable successes with this method (reviewed by Walder, 1988). 
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Refinements of this technique include the use of antisense oligonucleotides 
(Marcus-Sekura, 1988), and more recently ribozymes, capable of cleaving the 
target RNA molecule via self-cleaving RNA sequences included within the 
antisense RNA (Koizumi et al, 1988). These techniques of manipulating gene 
expression by antisense RNA are all reliant on hybridization of two RNA species 
and this interaction is determined by many factors (target RNA concentration, 
secondary structure, extent of translation of target RNA, stability of RNA etc.) 
which are not well defined and are not easily controlled. 
Functional inactivation of genes by dominant negative mutations. This 
approach involves the overexpression in a cell of a mutant form of the protein 
such that it competes with the endogenous wild-type form and disrupts its action 
(reviewed by Herskowitz (1985), see Albers and Fuchs (1989) for an 
experimental demonstration). 
Imbalance of wild-type protein. This approach involves the 
overexpression of a wild-type gene. The rationale is that an imbalance of subunit 
concentration can have dire consequences for the proper formation of multi-
protein structures (Meeks-Wagner and Hatwell, 1986). InteRA in this means of 
control over gene expression has been regenerated with the proposals of Ptashne 
(1988) of overexpressing a transcriptional factor that binds another transcriptional 
activator/repressor hence titrating it out of the cell pool i.e. molecular 
'squelching'. This sequestering of transcriptional factors may have far ranging 
effects on a number of genes. 
Antibodies. Microinjection of antibodies into cells can selectively 
inactivate a protein i.e. antibodies against the ras protein can transiently reverse 
the phenotype of ra.c-transformed cells (Feramisco et a!, 1985). 
Of the methods described above, antisense RNA is an ideal choice 
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to modulate the expression of the 11 Kb transcript. The materials needed to 
express the antisense RNA were available, i.e. the 600bp insert of pNVS8 which 
hybridizes with the 11 Kb transcript in vitro, and contains no repetitive sequences. 
The requirements were not strict, in that complete abolition of translation from 
the 11 Kb transcript was not necessary; a reduction that caused partial rescue of 
the mutant phenotype would be sufficient. Hence sub-optimal degrees of RNA-
RNA hybrid formation would still allow testing of The hypothesis, 'is the 
overexpression of the 11 Kb transcript in SVM causal to the DNA repair mutant 
phenotype'. 
8.2 RESULTS. 
8.2.1 Construction of vectors expressing sense or antisense transcripts. 
The 600bp insert of pNVS8 was subcloned, in both orientations, 
into the eukaryotic expression vector pMT142 (illustrated below). 
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Fig. 8.1 Illustrates the cloning strategy used to generate pNVS11 and pNVS12. 
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The cloning strategy was to excise the 600bp insert, by restriction of pNVS8 with 
EcoRI and HindIII. This insert was size fractionated by gel electrophoresis and 
isolated. The overhangs generated by EcoRI and HindIII were 'filled-in' using the 
Kienow fragment of E.coli polymerase I. To each end of this blunt ended 
fragment BglII linkers were ligated, and the fragment restricted with BglII. This 
fragment, with BglII compatible overhangs, was then ligated into the unique BglII 
cloning site in pMT142. Recombinants were identified by colony hybridization 
using the 600bp insert of pNVS8 as a probe. The fragment can be inserted into 
pMT142 in two possible orientations, both of which were obtained. These 
plasniids were designated pNVS11 and pNVS12. This cloning scheme is 
illustrated in Fig. 8.1. Note that the 'filling-in' reaction, and ligation of BgllI 
linkers regenerates the EcoRI recognition site, while the HindIII recognition site 
is destroyed. This allows a convenient means to determine the orientation of the 
insert within pMT142 by EcoRI restriction and size fractionation, which reveals 
diagnostic fragments. Fig. 8.2a illustrates size fractionated fragments generated 
by incubation of pNVS11 and pNVS12 with EcoRI. 
Although pNVS11 and pNVS12 would produce transcripts of the 
óOObp insert (sense and antisense with respect to the 11 Kb transcript, 
respectively), the plasmids allow no selection for transfectants after the plasmids 
have been introduced into cells. Hence pNVS11 and pNVS12 were partially 
restricted with EcoRI and the products size fractionated by electrophoresis. A 
fragment at 2000bp was isolated i.e. containing the MT-1 promoter, the 600bp 
iflSCii, and the human growth hormone gene 3 processing signals. This EcoRI 
generated fragment was cloned into EcoRI restricted pSV2neo (see Fig. 5.8). The 
product generated from pNVS11 cloned into pSV2neo resulted in the plasmid 
pNVS13 and the product from pNVS12 resulted in the plasmid pNVS14. Fig. 
8.2b illustrates fragments of pNVS13 and pNVS14, size fractionated after 
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Fig. 8.2. 
Illustrates an ethidium bromide stained agarose gel containing fragments of 
pNVS11 and pNVS12, size fractionated after being incubated with EcoRI. M 
represents molecular size markers in Kb. 
Illustrates an ethidium bromide stained agarose gel containing fragments of 
pNVS13 and pNVS14, size fractionated after being incubated with either EcoRI 
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Fig. 8.3. A schematic representation of the restriction enzyme recognition sites 
in pNVS13 and pNVS14. These sites are derived from the gel illustrated in Fig. 
8.2b. The diagram is not to scale. 
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incubation with EcoRI or BglII. Fig. 8.3 illustrates the restriction enzymes sites 
derived from Fig. 8.2b. Hence pNVS13 codes for a transcript which is a sense 
strand, with respect to the 11 Kb transcript, while pNVS14 codes for the 
antisense strand, with respect to the 11 Kb transcript. 
8.2.2 Effect of expressing sense/antisense transcripts in SVM(M). 
Plasmids pNVS13 and pNVS14 were linearised by incubation with 
BamI-II. The enzyme recognition site for BamHi is unique in pNVS13 and 
pNVS14 and this linearization does not interfere with any transcriptional units 
contained within the plasmid. The linearized plasmids were transfected into 
SVM(M) cells, and transfectants selected by including G418 in the cell culture 
media (see methods and materials). The surviving cells were pooled and used in 
subsequent assays. SVM(M) cells transfected with pNVS13 were designated 
'SVM(M) 600 sense' and SVM(M) cells transfected with pN VS 14 were 
designated 'SVM(M) 600 antisense'. Approximately 20 - 25 colonies were 
generated by each plasmid, from a starting number of 5 x 105 cells. No colonies 
were observed on the negative control where no plasmid was transfected into 
SVM(M) cells, but G418 selection still applied. 
Fig. 8.4 illustrates a Northern analysis of RNA extracted from 
SVM(M), SVM(M) 600 sense, and SVM(M) 600 antisense cells, and probed with 
the insert of pNVS8. i.e the 600bp fragment of flanking sequence. Apparent is 
the 11 Kb transcript in SVM(M), in SVM(M) 600 sense and it is apparent in 
SVM(M) 600 antisense on the autoradiograph. The 11 Kb transcript is not 
apparent in CDM, again for equivalent loadings of total RNA. Note also a 
transcript at 950 - 1000 bases in both SVM(M) 600 sense and SVM(M) 600 
antisense, which is the expected size for the product of transcription from 
pNVS13 and pNVS14 respectively. That is, the MT-1 promoter contributes 65bp 
to the transcript, 600 bases is derived from the insert into pMT142, iOO bases is 
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Fig. 8.4. Illustrates a Northern analysis of RNA extracted from CDM, SVM(M), 
SVM(M) 600 antisense, SVM(M) 600 sense. The sense and antisense refer to the 
0.95Kb transcript, which harbours sequences which are similar (sense) or 
complementary (antisense) to the 11Kb transcript. Mr represents size markers i.e. 
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derived from the 3' sequences of the human growth hormone gene, and 200-250 
bases from the polyadenlyic acid tail. 
SVM(M) 600 antisense RNA also reveals a transcript at 3300 bases, 
7800 bases and 5500 bases, which are probably due to integration of pNVS14 in 
such a way as to lead to transcription from the cellular sequences into the 
plasmid with subsequent processing of the transcript to yield these hybrid 
transcripts larger than the expected 1000 bases. 
Fig. 8.5 illustrates single cell survival curves of SVM(M), SVM(M) 
600 sense and SVM(M) 600 antisense. For the latter two cell lines G418 
selection was maintained throughout the experiment. Each point represents the 
mean of two experiments, with standard error around the mean shown. There is 
no significant difference in UV sensitivity of SVM(M), SVM(M) 600 sense, and 
SVM(M) 600 antisense. 
8.3 DISCUSSION. 
The work above has described the construction of expression 
vectors that mediate the expression of a 950-1000 bases transcript. This transcript 
includes sequences that are similar (sense) or complementary (antisense) to the 
11 Kb transcript that is overexpressed in SVM cells. However expression of these 
transcripts, the antisense transcript in particular, had no effect on the UV 
sensitivity of SVM(M) 600 antisense, compared with SVM(M) 600 sense or 
SVM(M). These experiments were performed to address the possibility that 
overexpression of the 11 Kb transcript was causal to the UV sensitive phenotype 
(and other DNA repair defects) of SVM(M). The rationale for these experiments 
was that expressing a transcript that was complementary to the 11 Kb transcript 
would result in RNA:RNA duplex formation, in the cell, and hence reduce 
translation from the 11 Kb transcript. Since no difference is apparent between 
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Fig. 8.5. Single cell survival curves for SVM(M), SVM(M) 600 sense and 
SVM(M) 600 antisense, after UV irradiation of varying dose. The points 
represent means of two experiments. Standard errors of the mean are shown as 
bars around the points. The line joining the points was computer generated using 
an interpolate function which is essentially an electronic French curve. 
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SVM(M), SVM(M) 600 sense and SVM(M) 600 antisense the possibilities are 
that: 
the antisense 'blocking' is functional and the hypothesis is incorrect 
the antisense 'blocking' is not functional and the hypothesis has not 
been tested. 
Antisense blocking has been demonstrated to work in a number of 
cases in which the antisense RNA have produced an effect by blocking the 
expression of a specific gene in bacteria or eukaryotic cells (Coleman et a!, 1984; 
Izant and Weintraub, 1984; Kim and Wold, 1985; Petska et al, 1985; McGarry 
and Lindquist, 1986; Ecker and Davis, 1986; Holt et al, 1986). However the 
RNA:RNA hybrid formation is reliant on many factors, and in some cases 
antisense experiments have not been successful (Bass and Weintraub, 1987; 
Rebagliati and Melton, 1987). Other cases where success was not achieved are 
anecdotal and this lack of success results in no reports of these in the literature 
(D,Melton. per. comm.). 
It may be significant to note that in none of the cases cited above 
were SV40 transformed cells used. Scheffner et al (1989) reported on a RNA 
duplex unwinding activity for SV40 large T-antigen. In cases where T-antigen 
expressing cells have been used, it was the T-antigen that was the target for 
antisense regulation (Jennings and Molloy, 1987; Westermann et a!, 1989). Hence 
it may be that it is difficult to achieve inhibition of translation of a transcript 
using antisense technology in the presence of the large T-antigen. 
Other factors, such as stability of the target transcript, secondary 
structure adopted by the target or antisense transcript, extent of translation of the 
target transcript etc., will have a role to play in the success of any antisense 
inhibition (reviewed by Inouye, 1988). 
These considerations make it difficult to distinguish between the 
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possibilities that: 
the antisense inhibition is functional and the hypothesis is incorrect 
the antisense inhibition is not functional and the hypothesis has not 
been tested. 
Clearly a second means of testing the hypothesis is needed, which could include: 
- cloning the cDNA for the 11 KB transcript and mediating overexpression 
by transfecting wild-type cells (CDM) with an expression vector harbouring the 
cDNA. 
- duplicating the insertion of SV40 into wild-type cells (CDM) and testing 
these cells for DNA repair defects i.e. creating a mutant cell line. 




9.1 General discussion. 
This work has described the molecular characterization of an SV40 
transformed Indian muntjac cell line SVM shown to be defective in a number of 
facets associated with DNA repair. This was in comparison with an immortalized 
Indian muntjac cell line, CDM, designated as wild-type in its responses to DNA 
damage. 
Isolation of single cells and subsequent clonal expansion illustrated 
that the DNA of the SV40 virus, integrated into the genome of SVM, was prone 
to rearrangement. However, two cell lines were established that were relatively 
stable, and these were designated SVM(M) and SVM(R). Study of the nature of 
SV40 integration in these cell lines, revealed that both cell lines had two 
integration sites, neighbouring one another, and that the overall structure of the 
integration was similar for the two cell lines. However, SVM(R) was slightly 
changed at an integration site compared to SVM(M). That is, there was a further 
duplication of the enhancer/origin of replication of SV40 at the junction between 
the viral and cellular DNA. This duplication had no detectable effect, either 
qualitatively or quantitatively on the SV40 large T-antigens between SVM(M) 
and SVM(R). Although both cell lines possess interesting T-antigens - a super 
T-antigen (lOOKd) and a truncated T-antigen (76Kd), that were different from 
wild-type T-antigen (94Kd). 
Cloning and characterization of cellular DNA flanking the 
integration site revealed that this region was replete with sequences which were 
either highly or moderately repeated within the muntjac genome. Isolation of a 
unique 600bp fragment, i.e. one that contained no repeats, allowed 
characterization of transcriptional units in the flanking sequence. One transcript, 
of 11 Kb revealed by two neighbouring fragments of flanking DNA, was clearly 
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overexpressed in SVM cell lines. The extent of overexpression is difficult to 
quantify, since the T-antigen of SV40 transactivates and represses a plethora of 
genes, the transcripts of which are generally used as a relative measure. 
However, using two criteria - actin transcripts and total RNA loading as 
reference points the 11Kb transcript is clearly overexpressed. This raised the 
possibility that the overexpression may be causal to the repair defective 
phenotype of SVM cell lines. 
The level of overexpression of the 11Kb transcript in SVM cells is 
not significantly different between SVM(M) and SVM(R). That is, SVM(R) did 
not have a decreased amount of the 11Kb transcript, which is one possible means 
by which the partial reversion could be mediated if over expression was causal 
to the UV sensitive phenotype of SVM(M). However a change was apparent 
between the transcripts of SVM(M) and SVM(R). A 2.2 Kb transcript is revealed 
by a 600bp probe of flanking DNA but not by a neighbouring 1600bp fragment. 
This transcript is apparently more abundant in SVM(R) compared to SVM(M). 
The 2.2Kb transcript overlaps with the transcriptional unit of the 11Kb transcript, 
and may arise due to differential processing (splicing or polyadenylation) or it 
may be an antisense transcript i.e. transcribed from the complementary strand 
(in the opposite direction) to the 11Kb transcript. This phenomenon has been 
described for the human excison repair gene ERCC1, which harbours an 
overlapping antisense transcription unit in its 3' region. Interestingly, if the 2.2Kb 
transcript is an antisense transcript to the 11Kb transcript it would be located in 
its 5' region. Control over gene expression by naturally occurring antisense RNA 
has been documented in a number of prokaryotic cases and strongly suggested 
in several eukaryotic systems (reviewed by Simons, 1988). Notably, these 
antisense transcripts are complementary to either 5' or 3' regions of the 
transcripts. In the former case (the class I inhibitors, see Inouye, 1988), the 
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antisense RNAs are directly complementary to the region including the Shine-
Dalgarno sequence (the ribosome binding site) and/or coding regions of the 
target RNA, resulting in direct inhibition of translation. 
With these considerations the observations thus far can be 
accommodated in the following model. The integration of SV40 into SVM, has 
positioned the SV40 enhancer such that it mediates overexpressiori of the 11Kb 
transcript to maximal levels. The enhancer also has some effect on a distal 
promoter, coding for a 2.2Kb transcript on the complementary strand to that of 
the 11Kb transcript - and hence produces an antisense transcript. The enhancer 
has to function over a greater distance and may not elevate transcription of this 
2.2Kb transcript to maximal levels. Duplication of the enhancer, as observed in 
SVM(R) did not have an effect on the overexpression of the 11Kb transcript but 
did have an effect on the 2.2 Kb transcript i.e. it mediates a further enhancement 
in its rate of transcription. The consequence of this is to downregulate the 
translation' of the 11Kb transcript and this leads to the phenotype of partial 
reversion (as assessed by UV at least). 
This model is dependent on the overexpression of the 111(b 
transcript being causal to the UV sensitivity of SVM(M) compared to CDM. In 
order to test this latter hypothesis vectors mediating transcription of one or the 
other strand of the 600bp fragment were constructed, and transfected into 
SVM(M) cells. This should result in an artificial antisense regulation of the 11Kb 
transcript. However the cell lines transfected with vectors expressing sense or 
antisense transcripts, relative to the 11Kb transcript, were not changed in their 
UV sensitivity. Indeed the sensitivity paralleled that of SVM(M) cells. However, 
the precarious nature of artificial antisense experiments does not allow a 
conclusion to be drawn about the relationship between the overexpression of the 
11Kb transcript and the DNA repair defects of SVM. These experiments may 
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have been hampered by a RNA duplex unwinding activity of the SV40 T-antigen 
(Scheffner et al, 1989). 
These experiments do beg two questions: 
How can the hypothesis that overexpression of the 11Kb transcript is 
causal to the DNA repair defects be tested? 
How might overexpression of a protein be envisaged to mediate DNA 
repair defects? 
9.2 FUTURE WORK. 
Three means to test the hypothesis stated above are apparent: 
Creation of heterokctro between wild-type (CDM) and SVM(M) cells. 
The prediction of the hypothesis is that somatic cell fusions of wild-type cells 
with SVM(M) cells will not rescue the phenotype since the mutation is due not 
to a lack of protein that can be donated by the wild-type partner in a 
heterokarjon but that the fused cells will display a mutant phenotype. 
Cloning of the 11Kb transcript from a cDNA library, and its 
overexpression in CDM cells. This experiments would yield more results and 
useful materials than the somatic cell fusions. Construction of a cDNA library off 
RNA extracted from SVM(R), and subsequent probing with the unique óOObp 
fragment of flanking sequence would yield the 11Kb and the 2.2 Kb transcript. 
Once cloned these transcripts could be engineered into an expression vector and 
suitably overexpressed in CDM cells. The hypothesis would predict that this will 
convert a wild-type cell into one sensitive to UV irradiation. 
Altering expression of the gene encoding the 11Kb transcript in 
wildtype muntjac cells. A definitive test of whether the aberrant expression of the 
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gene flanking the SV40 integration is responsible for the repair phenotype of 
SVM, would be to duplicate the SV40 insertion into a wild-type muntjac cell. 
Recent reports from several groups have demonstrated the feasibility of gene 
targeting (Capecchi, 1989). Fig. 9.1 illustrates aapproach to alter one of the two 
normal muntjac genes with a homologous recombination event. The targeting 
vector is a pUC based plasmid with additional material derived from pNVS6 
(which is from the insert of X clone 1 in pUC8). This insert contains part of 
integration site 1 and flanking cellular DNA. In the targeting vector, the flanking 
cellular sequence and adjacent SV40 control regions are cloned into pUC, but 
the T-antigen gene is replaced with the neomycin phosphotransfe rase (neo) gene. 
The thymidine kinase gene from herpes simplex virus (HSV-tk) is engineered 
into the cellular DNA. This allows the utilization of the + /- selection system of 
Capecchi (1989). The linear targeting vector is electroporated into CDM cells, 
and selection applied for the recombination event, illustrated in Fig. 9.1. 
Homologous recombinants are expected to retain the neo gene but to lose the 
HSV-tk gene. Therefore, selection can be applied with G418 for the neo gene 
and with gancyclovir to select against cells with the HSV-tk gene. This procedure 
should enrich for homologous recombinants. This recombination event will 
introduce the SV40 control region into exactly the same position as in the 
genome of SVM. Southern blot analysis of surviving cells, probing with the 600bp 
unique fragment should reveal a RFLP, as in Fig. 6.8. Northern analysis and UV 
sensitivity assays on these recombinants will confirm or refute the hypothesis. 
9.2.1 OTHER WORK. 
DNA sequence analysis of the 600bp unique fragment of flanking 
DNA (printed as an appendix to this work) did not reveal any significant 
sequence homology, at the nucleotide sequence level, with other sequences 
259 
Fig. 9. 1. 
Represents a schematic illustration of SV40 integration site 1 and the limits 
of the 15Kb insert in A clone 1. The SV40 enhancers are represented as black 
boxes. Part of the flanking cellular DNA is shaded to relate this region to the 
homologous recombination experiment illustrated in (b). 
An outline of a homologous recombination experiment using CDM cells. The 
vector (represented as a single line) contains the SV40/cell DNA junction region 
derived from A clone 1. A Herpes simplex virus thymidine kinase (HSV-tk) gene, 
controlled by its own promoter, is inserted into the centre of the flanking cellular 
sequence, and the T-antigen coding region is replaced by the neo gene. the 
vector is linearised to one side of the HSV-tk gene, and electroporated into wild-
type muntjac cells. A homologous recombination event with one of the two genes 
in the muntjac genome will be resolved as shown. Homologous recombinants can 
be isolated by the +1- procedure outlined in the text. 
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in the database. It did not contain a continuous reading frame for translation and 
is probably part of an untranslated segment of the 11Kb transcript or possibly 
contains a small exon. Further sequencing of the genomic DNA flanking the 
SV40 integration may reveal an open reading frame that may yield more useful 
information. However this type of analysis is better suited to cDNA sequences. 
9.3 Possible means by which overexpression of a transcript can cause a DNA 
repair defect. 
It is tempting to speculate on how overexpression of a product can 
lead to a DNA repair defect. 
Overexpression of a wild-type gene has been reported to cause a 
mutant phenotype. For example Meeks-Wagner and Hartwell (1986) reported 
that the overexpression on genes coding for histones H2A-H2B caused an altered 
ratio of histones H2A-H2B to H3-H4 and resulted in chromosome loss. This 
report illustrates that where proteins exert an effect through multisubunit 
complexes, e.g. DNA 'repairosome', overproduction of one subunit can have an 
effect that can perturb the entire complex. 
Another classical means that overexpression of a protein can be 
assumed to effect a mutant phenotype is if the protein is a transcriptional 
repressor/activator. A direct and pertinent demonstration of this is 
overexpression of the lexA protein, the repressor of the E.coli SOS system, which 
results in an increased radiosensitivity of cells due to the reduced inducibility of 
the SOS genes (Little and Harper, 1979; Brent and Ptashne, 1980; Emmerson et 
a!, 1981). 
Indeed, if this is the case for SVM(M), it can accommodate some 
observations outlined in chapter 1. If the product of the 11Kb transcript is a 
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repressor of a number of genes the products of which are produced in response 
to DNA damage, the consequences that 
can be predicted from this model are: 
the mutant phenotype of the cell will encompass a range of effects. 
SVM(M) exhibits defects in post-replication recovery (PRR), cell cycle defects 
after challenge with DNA damaging agents, and recovery of RNA synthesis. 
Coincidently PRR and cell cycle stall are controlled by the SOS system in E.coli. 
the mutant phenotype cannot be rescued by complementation with a 
wild-type gene. Efforts to clone a gene rescuing the mutant phenotype of 
SVM(M) have resulted in cloning of wild-type DNA that can rescue parts but not 
all of the defective phenotypes. For example, one clone partially rescues UV 
sensitivity but not DMS sensitivity, while another clone partially rescues the SCE 
defect alone (S.Bouffler and R.Jhonson, per. comm.). This cloning of DNA that 
partially rescues a specific phenotype is predicted by the model. That is the 
introduction of an extra copy of a gene allows its slight expression due solely to 
copy number considerations. Hence part of a defective phenotype can be rescued 
but only partially. 
The predictive nature of this model, and the interesting nature of 
a mutant phenotype caused by overexpression of a protein are compelling 
reasons for further characterization of the transcriptional units flanking the SV40 




The sequence on the following pages represents the DNA sequence of the 600bp 
insert of pNVS8, used as a probe in the work described and in the antisense 
experiments. The top strand of the DNA sequence represents the sense strand 
with respect to the 11kb transcript. All six possible reading frames encode stop 
codons and the three reading frames of the top (sense) strand are illustrated 
below the DNA sequence. The amino acids are represented as standard one 
letter codes, and a * represents a stop codon. This sequence did not reveal any 
significant homology to any sequence in the database using the 'PROSRCH' 
program developed at the Biocomputing Research Unit in the Department of 
Molecular Biology. Furthermore it did not generate a signal when used as a 
probe on a 'zoo-blot'i.e. against DNA derived from a range of species. 
265 
gcagcacctccatgccttagtcatggacaaCCgtCtatagCtCCCagatCatgCCCCgtC 
1 ---------+---------+---------±---------+---------+---------+ 60 
cgtcgtggaggtacggaatcagtaCCtgttggCagatatCgagggtCtagtaCggggCag 
A APP c L S HG Q PSI APR SC P V - 
Q H L H A L 	MD N R L * L PD H A P S - 
ST S 	P * SW T TV Y S S 	IMP R P- - 
cttacaggcatcagtttgtcagcatctCCtggagtatCtgaatCaCCaagggggttgtgt 
61 ---------+---------+---------+---------+---------+---------+ 120 
gaatgtccgtagtcaaacagtcgtagaggaCctCatagaCttagtggttCCCCCaacaca 
L T G IS L S A S PG V SE S PR G L C - 
L Q AS V C Q H L L E Y L N H Q G G CV - 
Y 	H Q F VS IS W S 	* IT KG V V F- - 
ttcacgattatcccctcctccatgaacttttcccagcaaCtgggCtgCttCCaccatttc 
121 ---------+---------+----------+---------+---------+---------+ 180 
aagtgctaataggggaggaggtacttgaaaagggtCgttgaCCCgaCgaaggtggtaaag 
F TI I PS S 	N F S 	Q L G CF H H F - 
SR L S PP P * T F PS N WA A ST IS - 
H D 	P L L H ELF PAT G L L PP F Q- 
aacaccttcatatgaaaggtctgtttctttttttacttttattaagCagtaaaattgaat 
181 ---------+---------+---------+---------+---------+---------+ 240 
ttgtggaagtatactttccagacaaagaaaaaaatgaaaataattCgtCattttaaCtta 
NT F I * K V C F F F Y F Y * A V K L N - 
T PS YE R S VS F FT F 1K Q * N * M - 
H L H M KG L FL FL L L L S SKI E W- - 
ggaatcgagacacaaagtctggctgatgatttcattggtttgatCCttcattCCtCtaaC 
241 ---------+---------+---------+---------±---------+---------+ 300 
ccttagctctgtgtttcagaccgactactaaagtaaCCaaaCtaggaagtaaggagattg 
G I E T Q S LAD D FIG L 	L H S S 	- 
ES R 	K V W L MIS L 	* SF1 P L T - 
N RD T KS G * * F H W F D PS FL * Q- 
aacttttttcagtggtcaaacaaaagctgacaatcttctgagCCaaaaagtCCaaaggtt 
301 ---------+---------+---------+---------+---------+---------+ 360 
ttgaaaaaagtcaccagtttgttttcgactgttagaagactCggtttttCaggtttCCaa 
N F F Q W S 	KS * Q 5 S E P K S P K V - 
T F F S G Q T K AD N L L S 	K V Q R F - 
L F S V V K Q K L T I F * A K K S K G L- - 
taggatcacaaagtcctgcctattcctgggagggaagagaaatatatttgagaaaCttCt 
361 ---------+---------+---------+---------+---------+---------+ 420 
atcctagtgtttcaggacggataaggaccctccCttctCtttatataaaCtCtttqaaga 
* D H K V L P I , P GREEK Y I * E T S 	- 
RI T K S CL FL G G K RN IF E K L L - 
G S 	SPAY SW EGRET Y L RN F *- 
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agcagcacactcattcactctgggttagcaatgtaattttacttcccaatgggtcaccca 
421 ---------+---------+---------+---------+---------+---------+ 480 
tcgtcgtgtgagtaagtgagacccaatcgttacattaaaatgaagggttacccagtgggt 
S ST L 	H S G LAM * F? F P MG H P - 
A A H S FT L G * Q C N FT S 	WV T Q - 
Q H T H S LW VS N V ILL P N G S PS - - 
gtgccatcctcgataagtcattcttccccgtaaatgaggcagagggcattaagtacggtg 
481 ---------+---------+---------+---------±---------+---------+ 540 
cacggtaggagctattcagtaagaaggggcatttactccgtctcccgtaattcatgccac 
VP S S IS H S S P * MR Q R AL ST V - 
C H PR * VI L PR K * G R G H * V R C - 
A IL D K S F F P V NE A E G 1K? G V- - 
taaagagctattatgtggaaggttttaaaaaagttattgagctgtaattgatatatgaca 
541 ---------+---------+---------+---------+---------+---------+ 600 
atttctcgataatacaccttccaaaattttttcaataactcgacattaactatatactgt 
* R A 1MW K V L K K L L SC N * I MT - 
K EL L C G R F * KS? * AVID I * H - 
KS? I V E G F K K VIE L * LII DI - - 
ttgaattagtcttaggtatgggaattcgtaatcatggtcatagctgttt 
601 ---------+---------+- -------- +--------- +--------- 649 
aacttaatcagaatccatacccttaagcattagtaccagtatcgacaaa 
L N * s * V W E F V I MV I A V ?-
* IS L RIG N 5 * SW S * L F - 
EL V L GM G I RN HG H SC? - 
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